Experimental and numerical study of root reinforcement and suction in soil stabilisation by Galpathage, Shiran Gunasena
University of Wollongong 
Research Online 
University of Wollongong Thesis Collection 
2017+ University of Wollongong Thesis Collections 
2017 
Experimental and numerical study of root reinforcement and suction in soil 
stabilisation 
Shiran Gunasena Galpathage 
University of Wollongong 
Follow this and additional works at: https://ro.uow.edu.au/theses1 
University of Wollongong 
Copyright Warning 
You may print or download ONE copy of this document for the purpose of your own research or study. The University 
does not authorise you to copy, communicate or otherwise make available electronically to any other person any 
copyright material contained on this site. 
You are reminded of the following: This work is copyright. Apart from any use permitted under the Copyright Act 
1968, no part of this work may be reproduced by any process, nor may any other exclusive right be exercised, 
without the permission of the author. Copyright owners are entitled to take legal action against persons who infringe 
their copyright. A reproduction of material that is protected by copyright may be a copyright infringement. A court 
may impose penalties and award damages in relation to offences and infringements relating to copyright material. 
Higher penalties may apply, and higher damages may be awarded, for offences and infringements involving the 
conversion of material into digital or electronic form. 
Unless otherwise indicated, the views expressed in this thesis are those of the author and do not necessarily 
represent the views of the University of Wollongong. 
Recommended Citation 
Galpathage, Shiran Gunasena, Experimental and numerical study of root reinforcement and suction in soil 
stabilisation, Doctor of Philosophy thesis, School of Civil, Mining and Environmental Engineering, 
University of Wollongong, 2017. https://ro.uow.edu.au/theses1/52 
Research Online is the open access institutional repository for the University of Wollongong. For further information 




Department of  
Civil, Mining and Environmental Engineering 
Experimental and numerical study of root reinforcement and 
suction in soil stabilisation 
Shiran Gunasena Galpathage 
BSc (Civil Eng) Hons 
This thesis is presented as part of the requirement for the 
Award of the Degree of Doctor of Philosophy 
of the  





I, Shiran Gunasena Galpathage, declare that this thesis, submitted in fulfillment of 
the requirements for the award of Doctor of Philosophy, in the Department of Civil 
Engineering, University of Wollongong, is wholly my own work unless otherwise 
referenced or acknowledged. The results, ideas and convictions presented are those 
of the author, except when stated otherwise, and only he is accountable for them. 













In prehistoric times humans improved ground using native vegetation, and in modern 
engineering, this methodology is also used to improve the stiffness and shear 
strength of soil. This technique has slowly become accepted and is now widely 
practiced to stabilise slopes and railway corridors constructed on compressive soft 
soils or expansive clays. Tree roots stabilise soil in three ways:  (a) they reinforce the 
soil, (b) they help disperse surplus pore pressure, and (c) they provide an adequate 
matric suction that increases the shear strength. The main focus of this study is to 
investigate how tree roots reinforce vegetated ground, and since this interaction 
between soil and roots influences the shear behaviour of reinforced soil, it needs to 
be examined. Previous studies of soil reinforced with tree roots focused mainly on 
saturated soil because it is simple to reproduce and test in a laboratory, but  vegetated 
ground is generally unsaturated due to the soil moisture variations caused by tree 
transpiration, so how the soil matric suction affects the strength of a root-soil 
composite must be examined if vegetation is to be used as an effective technique for 
ground improvement.  
A series of field experiments were carried out to investigate the temporal and spatial 
variations of the soil matric suction close to a mature gum tree in Wollongong, 
Australia. A comprehensive analysis to identify how climatic data affected the 
variations in suction was carried out and a method to quantify the monthly 
evapotranspiration was proposed because it is considered to be the key factor 
controlling suction in the vadose zones. 
A mathematical model was developed to simulate the pullout behaviour of a 
simplified root system that incorporates the soil matric suction and other important 
 iii 
soil and root parameters. The model algorithms developed were coded using the 
FORTRAN computer programing language to determine how the root and soil 
parameters affect the pullout capacity of a root-soil block. A sequence of laboratory 
pullout tests were performed with a specially designed set up and the model results 
were validated using the laboratory results. The expected results computed using the 
soil and tree root parameters contained in the analytical model compared favourably 
with the laboratory measurements, thus validating the assumptions upon which were 
used for developing the model.  
A computer model was developed to predict the stress-strain behavior of vegetated 
ground using ABAQUS finite element code. According to the author’s knowledge, 
this is the foremost study to observe the deformation characteristics of tree root 
reinforced soil incorporating both root induced suction and mechanical 
reinforcements. For the analysis, a two-dimensional model, developed using the 
general effective stress theory of unsaturated soils, was used.  
 
The outcomes of this research study deliver important and comparatively precise 
methods to estimate the effects of vegetation on grounds, and the numerical model 
proposed herein provides practicing engineers with a useful tool for designing 







I wish to extend my heartfelt thanks to all those who supported to the successful 
completion of this task. First and foremost, I thank my supervisors Prof. Buddhima 
Indraratna and Dr. Cholachat Rujiakiamjorn for their tolerant guidance, invaluable 
discussions, proofreading, and advice from all the questions that arose from this 
dissertation. Special thanks to Dr Ana Heitor for advice on the preparation of this 
thesis. 
Thanks also to the technical staff at UOW for their assistance in fabricating 
equipment and troubleshooting, particularly Bob Rolan and Frank Crabtree. To all 
the students that passed through the Centre for Geomechanics and Railway 
Engineering over these past years for all the fruitful discussions and friendship.  
Thanks also to the Australian Cooperative Research Centre (CRC) for Rail 
for their financial support and assistance. 
Finally, heartfelt thanks to my parents and my loving wife Imani ,son Minu 
and daughter Akithma who have encouraged me through every step of this journey 









LIST OF PUBLICATIONS  
 
The following awards and publications are related to this PhD thesis. 
a. Awards 
 Winner of the CRC student’s competition for rail innovation research which 
took place on 30
th
 of September 2010 in Brisbane, Australia. 
 
 Winner of the Faculty of Engineering heats for the UOW 3 Minute Thesis 
Competition, which took place on 20
th
 of May 2011 at the University of 
Wollongong, Australia. 
 
b. Refereed scholarly journal papers 
Galpathage, S., Indraratna, B., and Heitor, A. (2017), Pullout behavior of replicated 
tree roots in compacted soil. International Jornal of Transport Geotechnics ( Under 
Review) 
c. Refereed scholarly journal papers in preparation 
Galpathage, S., Indraratna, B., and Heitor, A. (2017), Modelling the behavior of 
ground reinforced by native vegetation. . International Jornal of Computers and 





LIST OF SYMBOLS 
Letters 
 
R Series resistance (   
V voltage at time (V) 
Vi starting voltage (V) 
Vf supply voltage (V) 
C capacitance (F) 
F geometry factor (m) 
e the void ratio (Dimensionless) 
   Potential transpiration of a given tree (mm/day) 
    Reference Evapotranspiration (mm/day) 
    Basal crop coefficient (Dimensionless) 





T Daily air temperature ( ) 
u2 Wind speed at 2 m height (ms
-1
) 
es Saturation vapour pressure deficit (kPa) 
Cp Specific heat at constant pressure (MJkg
-1 -1) 
ea Actual vapour pressure (kPa) 
RH mean relative humidity (Dimensionless) 
es saturation vapour pressure at the mean air temperature (kPa) 
e° (T) saturation vapour pressure at the air temperature T (kPa) 
T Air temperature ( ) 





z  station elevation (m) 















    Pore air pressure (kPa) 
    Pore water pressure (kPa) 
    Degree of saturation (Dimensionless) 
   water content (Dimensionless) 
   Permeability of soil (ms-1) 
    Effective degree of saturation (Dimensionless) 
(       Residual degree of saturation (Dimensionless) 
  
 vii 
     Kozeny-Carman empirical coefficient (Dimensionless)  
    Specific surface area for unit volume (m
-1
) 





































 o permittivity of free space (Fm-1) 
   Dielectric permittivity of the medium between the capacitor   
(Dimensionless) 
γ psychometric constant (kPa   ) 
λ Ratio molecular weight of water vapour/dry air (Dimensionless) 
ε    latent heat of vaporization (MJkg
-1
) 
Δ Slope vapour pressure curve (kPa   ) 
α Reflection coefficient (Dimensionless) 







  Volumetric Water content (Dimensionless) 
    Current volumetric water content (Dimensionless) 
    Residual volumetric water content (Dimensionless) 
    Saturated volumetric water content (Dimensionless) 
   Effective  friction angle (degree) 
  Shear strength of the soil (kPa) 
   Normal stress(kPa) 
  Matric suction (kPa) 
   Horizontal stress(kPa) 
  Hydraulic head (m) 
  Overburden pressure (kPa) 
























                                                          Table of Contents 
Certification ................................................................................................................. i 
ABSTRACT ................................................................................................................ ii 
ACKNOWLEDGEMENTS ...................................................................................... iv 
LIST OF PUBLICATIONS ....................................................................................... v 
List of Symbols .......................................................................................................... vi 
1.Introduction ............................................................................................................. 1 
1.1 Introduction .................................................................................................. 1 
1.2 Description of problem ................................................................................ 2 
1.3 Objectives of the project .............................................................................. 3 
1.4 Organisation of the thesis ............................................................................. 6 
2.Literature Review.................................................................................................... 8 
2.1 Introduction .................................................................................................. 8 
2.2 Tree roots and reinforced earth .................................................................... 9 
2.3 Earth reinforcement theory ........................................................................ 10 




2.3.2 Tree buttressing and soil arching ........................................................... 17 
2.3.3 Theoretical models of fibre-root reinforcement ..................................... 19 
2.3.4 Root reinforcement measurements ......................................................... 25 
 Root system architecture .................................................................................... 27 
2.4 ........................................................................................................................... 27 
2.4.1 Architectural investigations of the root system ...................................... 28 
2.5 Models to predict root induced suction and the soil moisture content ....... 31 
2.6 Review of unsaturated soil mechanics ....................................................... 34 
2.6.1 Mechanical behavior of unsaturated soil................................................ 34 
2.6.2 Theory of Shear strength ........................................................................ 36 
2.6.3 Laboratory testing of unsaturated soil .................................................... 38 
2.6.4 Soil-water characteristic curve (SWCC)................................................. 39 
2.6.5 Measurement of SWCC in laboratory .................................................... 41 
2.6.6 Chilled mirror hygrometer ..................................................................... 43 
2.6.7 Hanging column apparatus ..................................................................... 45 
2.6.8 Centrifuge ........................................................................................... 45 




2.6.10 Soil type and mineralogy ................................................................... 47 
2.6.11 Hysteresis ........................................................................................... 51 
3.GEOTECHNICAL PROCESSES OF THE ENVIRONMENT AND 
RELATIONSHIP TO ROOT SUCTION-FIELD STUDY .................................. 53 
3.1 General ....................................................................................................... 53 
3.1.1 Site location and geological conditions.................................................. 53 
3.2 Climate and hydrology ............................................................................... 54 
3.3 Tree specifications ..................................................................................... 57 
3.3.1 Corymbia maculata ................................................................................ 57 
3.4 Site characteristics, field arrangements, and measurement ........................ 58 
3.4.1 Field Measurement of Suction ............................................................... 61 
3.4.2 10HS Moisture Content Measuring Sensors .......................................... 62 
3.4.3 Installation of 10HS Sensors .................................................................. 63 
3.4.4 Installation Method ................................................................................ 64 
3.4.5 Collection of Climatic Data ................................................................... 66 
3.4.6 Soil ......................................................................................................... 67 




3.5.1 WP4 for the SWCC ................................................................................ 70 
3.5.2 Sample preparation for WP4 .................................................................. 72 
3.5.3 Pressure plate ......................................................................................... 74 
3.5.4 Soil water characteristic curve ............................................................... 75 
3.5.5 Field measurement of the variation of water content with depth ........... 76 
3.5.6 Relationship between suction, temperature, and solar exposure............ 77 
3.6 Estimation of potential transpiration (Tp) .................................................. 84 
4.DEVELOPMENT OF PULLOUT MODEL ...................................................... 90 
4.1 Introduction ................................................................................................ 90 
4.2 Simplified root system ............................................................................... 91 
4.3 The shear strength mobilised in an inclined straight root-soil interface. ... 92 
4.4 Shear Strength of unsaturated soil interfaces ............................................. 97 
4.5 Modelling the pulloutforce-displacement behavior of a simplified root 
system 104 
4.6 Parametric study ....................................................................................... 107 
5.LABORATORY EXPERIMENTS AND MODEL VALIDATION ............... 114 




5.2 Equipment and Methodology ................................................................... 115 
5.2.1 General ................................................................................................. 115 
5.2.2 Details of equipment ............................................................................ 117 
5.2.3 INSTRON Machine ............................................................................. 120 
5.3 Material Selection .................................................................................... 121 
5.3.1 Soil ....................................................................................................... 121 
5.3.2 Root analogue (spectra fibres) ............................................................. 122 
5.4 Compaction method ................................................................................. 123 
5.5 Suction measurements .............................................................................. 128 
5.6 Analysis of pullout testing result.............................................................. 130 
5.6.1 Effect of soil suction ............................................................................ 131 
5.6.2 Effect of root diameter ......................................................................... 132 
5.6.3 Effect of root length ............................................................................. 134 
5.7 Validation of analytical model ................................................................. 135 
6.NUMERICAL MODELLING OF THE STRESS- STRAIN BEHAVIOR OF 
UNSATURATED SOIL REINFORCED WITH ROOTS ................................. 140 




6.2 Effective stress of unsaturated soils ......................................................... 141 
6.3 Flow equation for the wetting liquid in a porous medium ....................... 145 
6.4 Permeability ............................................................................................. 147 
6.5 Use of ABAQUS finite element code ...................................................... 148 
6.6 Development of Finite Element Model .................................................... 151 
6.6.1 Geometry of the root model ................................................................. 151 
6.6.2 Simulation of tree roots ........................................................................ 155 
6.6.3 Simulation of the elasto-plastic behavior of soil .................................. 156 
6.6.4 Incorporation of the root water uptake ................................................. 162 
6.6.5 FEM mesh and boundary condition ..................................................... 170 
6.6.6 Soil-root interaction ............................................................................. 172 
6.7 Results of the numerical analysis ............................................................. 173 
6.8 Comparison of numerical results with field experiments ........................ 179 
7.CONCLUSIONS AND RECOMMENDATIONS ............................................ 183 
7.1 General Summary..................................................................................... 183 
7.2 Specific Outcomes ................................................................................... 184 





APPENDIX A. Codes developed for analytical model………………                199 
A.1.1  Input Data .............................................................................................. 202 
A.1.2  Sample Output ....................................................................................... 202 
A.2.1  Input Data .............................................................................................. 205 
A.2.2  Sample Output ....................................................................................... 205 
A.3.1  Input Data for P-max ............................................................................. 208 
A.3.2  Sample Output for P-max ...................................................................... 208 
A.4.1  Input Data for 3D P-max ....................................................................... 212 
 
APPENDIX B. CODE FOR ABAQUS MODELLING ...................................... 215 
APPENDIX C. RESULTS CONTOURS OF FINITE ELEMENT ANALYSIS





List of Figures 
Figure 2-1.  The reinforced element resists lateral expansion by a frictional force 
mobilised between the soil and reinforcement. (Gray & Leiser, 1982) ............. 12 
Figure 2-2.  Mohr-coulomb envelopes for reinforced and unreinforced soils with 
circles describing failure by, (a) slippage, and (b) ruptured reinforcement 
(Hausmann, 1976). ............................................................................................. 13 
Figure 2-4.  Model of a flexible, elastic root extending vertically across a horizontal 
shear zone (Docker& Hubble 2008) .................................................................. 20 
Figure 2-5.  The root forces for (a) the cable solution, and (b) the pile solution  (Wu 
and Watson 1998) .............................................................................................. 24 
Figure 2-6.  Representation of the main root system parts  (Wu 1995) ..................... 29 
Figure 2-7.  Some examples of wide variety in root geometry of different species .. 29 
Figure 2-8. The root development of Casuarina cunningbamiana under different soil and    
water table conditions………………………………………………………………30 
Figure 2-9.   Different types of root systems as modified by growing site. Tap root 
system evident in a, b, c, d and h. Heart root system evident in b and e. plate 
root system evident in f, g, I, and j. Pneumatophores of a mangrove tree in k. . 31 





Figure 2-12.  A schematic diagram of a chilled mirror hygrometer (Decagon Devices 
Inc.) .................................................................................................................... 45 
Figure 2-13 Relationship between void ration and air-entry value (Kawai, Kato et al. 
2000) .................................................................................................................. 47 
Figure 2-14 Variation of SWCC behavior due to soil type (Miller 2002) .................. 48 
Figure 2-15 Comparison of SWCCs in unconfined/confined wetting paths at different 
temperatures (Niu, Ye et al. 2009) ..................................................................... 49 
Figure 2-16 Variation of SWCC according to particle-size distribution (Fredlund, 
Wilson et al. 2002) ............................................................................................. 51 
Figure 2-17 SWCC hysteresis (after Pham et al., 2005) ............................................ 52 
Figure 3-1.  Location of the study site (GoogleMaps, 2016) ..................................... 54 
Figure 3-2.  Monthly rainfall data from 2009-2012 (data from Bureau of 
Metereology, 2014) ............................................................................................ 55 
Figure 3-3.  Monthly maximum temperature data from 2009-2012 (data from Bureau 
of Metereology, 2014) ........................................................................................ 56 
Figure 3-4 Monthly solar exposure rate from 2009-2012 (data from Bureau of 
Metereology, 2014) ............................................................................................ 57 
Figure: 3-5 Distribution of spotted gumtree in south-east of Australia  (Available at 




Figure 3-6 Layout of the 10HS sensors...................................................................... 60 
Figure 3-7.  MPS 01 sensor (Mendes and Valério Filho 2015) ................................. 62 
Figure 3-8.  10HS Ssensor used in this study ............................................................ 63 
Figure 3-9. (a – c) Installation of 10HS sensor in the field ........................................ 65 
Figure 3-10.  Hand-held ProCheck used in this study ............................................... 66 
Figure 3-11.  Particle size Distribution Curve ........................................................... 68 
Figure 3-12 WP4 instrument used in this study ......................................................... 71 
Figure 3-13.  Sample used for WP4 ........................................................................... 73 
Figure 3-14.  Photograph of the pressure plate apparatus used.................................. 75 
Figure 3-15.  Soil Water Characteristic Curve obtained via the expreiments and the 
fitting curve with  a = 1500,  m = 1.074  and  n = 1.2........................................ 76 
Figure 3-16.  Variations in the water content at different depths............................... 79 
Figure 3-17.  Variations in the metric suction estimated at different depths ............. 80 
Figure 3-18.  Variations in Matric Suction with Temperature and Solar Exposure for 
different depths................................................................................................... 81 
Figure 3-19.  Variations in Matric Suction with different Rainfall and Solar Exposure 




Figure 3-20.  Variations in Matric Suction with Temperature and Rainfall for 
different depths................................................................................................... 83 
Figure 3-21.  Variation of Potential transpiration of a gum tree with Kcb =1 and the 
ground covered by tree canopy is 20m
2
 ............................................................. 89 
Fig 4-1.  A simplified straight root system ................................................................ 91 
Figure 4-2.  the cylindrical root elements used for a stress analysis .......................... 93 
Figure 4-3.  Different planes and angles used for the stress analysis ........................ 94 
Figure 4-4.  Distribution of normal and shear stress over the circumference of the 
root. .................................................................................................................... 97 
Figure 4-5 Vertical cylindrical root with horizontal pressure acting ....................... 102 
Figure 4-6.  Root system used to simulate the pullout behavior .............................. 104 
Figure 4-7.  Algorithm used in this pullout model ................................................... 106 
Figure 4-9.  Pullout behavior predicted for different diameters............................... 108 
Figure 4-10.  Pullout behavior predicted for different cohesion values ................... 109 
Figure 4-11.  Pullout behavior predicted for different suction values ..................... 110 
Figure 4-12.  Pullout behavior predicted for number of roots ................................. 111 
Figure 4-13.  Pullout behavior predicted for different suction values ..................... 112 




Figure 5-1.  Schematic diagram of the instrumental set up ..................................... 116 
Figure 5-2.  Photograph of the fibre arrangement .................................................... 117 
Figure 5-3.  Steel plates with thickness of 10mm were used to design a connector to 
hold the ropes firmly during the pulling test .................................................... 119 
Figure 5-4.  Image of the Instrumental set up in INSTRON pulling machine ......... 120 
Figure 5-5.  Image of the INSTRON machine used for testing ............................... 121 
Figure 5-6.   Image of  SPECTRA fibres used for the experimental program ......... 122 
Figure 5-7.  Schematic diagram of the compaction set up ....................................... 126 
Figure 5-8.  Compaction process (a) Calculated amount of the soil is filled evenly 
prior to the compaction (b) compaction is done using protor hammer and steel 
plate arrangement (c) compaction process continued until the desired level is 
reached ............................................................................................................. 127 
Figure 5-9.  Pullout force-displacement curves for the tests having the same initial 
suction and fibre diameter and length. ............................................................. 129 
Figure 5-10.  Pullout force-displacement curves for the tests having different suction 
values, while fibre diameter is 4mm and length is 200mm ............................. 132 
Figure 5-11.  Pullout force-displacement curves for the tests having different 




Figure 5-12.  Pullout force-displacement curves for the tests having different fibre 
lengths values, while fibre diameter is 4mm and suction is 500 kPa ............... 134 
Figure 5-13. Comparison of Pullout force-displacement curves for the tests having 
different diameter values, while fibre length is 200mm and initial suction is 
500kPa .............................................................................................................. 136 
Figure 5-14.  Comparison of experimental results and model prediction for length of 
150mm ............................................................................................................. 137 
Figure 5-15.  Comparison of experimental results and model prediction for a suction 
of 100 kPa ........................................................................................................ 138 
Figure 6-1.  Three-phase porous medium of soil ..................................................... 142 
Figure 6-2 Schematic illustration of soil water characteristic curve ........................ 144 
Figure 6-3.  Geometry of the Simplified Root Zone ................................................ 153 
Figure 6-4.  (a) The symmetric root system used for the model (b) The diameter 
variation employe ............................................................................................. 154 
Figure 6-5.  Local axis definition for beam type elements (adapted from ABAQUS 
6.13) ................................................................................................................. 156 
Figure 6-6.  Modified Drucker –Prager /Cap model: yield surface in the p-t plane 
(adapted from ABAQUS 6.13) ........................................................................ 157 
Figure 6-7 Projection of the modified cap yield surfaces on the   plane. (adapted 




Figure 6-8.  Flow potential of the modified cap model in the p-t plane. (Adapted 
from ABAQUS 6.13) ....................................................................................... 161 
Figure 6-9.  Absorption Curve derived from the SWCC .......................................... 168 
Figure 6-10.  Nodes and Gauss Points of CPE6MP element ................................... 170 
Figure 6-11.  Pore pressure (POR) distribution at each node over the model at 
different time of consolidation  (a) initial state  (b) After 1 month  (c) After 3 
months  (d) After 5 months .............................................................................. 174 
Figure 6-12.  Distribution of the vertical displacement at each node over the model 
after 5months of consolidation ......................................................................... 175 
Figure 6-13.  Ground settlement at various depth after 2months of consolidation .. 175 
Figure 6-14.  Effect of elapse time on ground surface settlement ........................... 176 
Figure 6-15.  Effect of elastic modulus on the ground surface settlement after 
5months ............................................................................................................ 177 
Figure 6-16.  Effect of the root diameter on the surface settlement at 5 months ..... 178 
Figure 6-17.  Comparison of the suction variation obtained from field experiments 
with model prediction at 4.9 m away from the tree and 1 m depth .................. 180 
Figure 6-18.  Comparison of the suction variation obtained from field experiments 
with model prediction at 4 m away from the tree and 0.5 m depth.................. 181 




Figure A-2. Output of P-delta (a) in Excel worksheet, and (b) as a graph............... 205 
Figure A-3. Output of Pmax-deltamax in DOS output wondow .................................. 208 
Figure A-4. A 3D graph showing variation of Pmax with 2 different parameters Error! 
Bookmark not defined. 
Figure A-5. The data generated for variation of Pmax with 2 different parameters used 
in the graph of Fig. A-4 .................................................................................... 214 
Figure C-3.  Distribution of the horizontal stress after 5 months of transpiration (Pa)
 .......................................................................................................................... 219 
Figure C-2.  Distribution of the void ratio after 5 months of transpiration .............. 219 
Figure C-1.  Distribution of the void ratio after 5 months of transpiration .............. 219 
Figure C-7.  Distribution of mises stress in roots after 5montnhs of transpiration (Pa)
 .......................................................................................................................... 220 
Figure C-4.  Distribution of the vertical stress after 5 months of transpiration (Pa) 220 
Figure C-5.  Distribution of the horizontal strain after 5 months of transpiration ... 220 






List of Tables 
Table 2-2.  Possible combinations of variable stress states for an unsaturated soil ... 35 
Table 3-1.  Properties of the soil measured ................................................................ 69 
Table 5-1 Physical properties of the spectra root analogue used in this study ........ 123 
Table 5-2.  Details of the Testing series carried out ................................................ 130 
 Table 6-1 The soil and fluid parameters used for the FEM model………………..134 
Table 6-2 Drucker -Prager model parameters used for the FEM model ………… 168 








Over the last few decades, construction sites have experienced high pavement loads 
and an ever growing population and rapid development in metropolitan areas have 
led to a drastic deterioration in the mechanical characteristics of soils. Since they 
have experienced severe erosion in places, and have unstable banks and morphology, 
researchers and engineers are attempting to quantify how root reinforcement affects 
the soil matrix. Urbanisation has basically forced engineers to create major highways 
and earth structures up on soft clay deposits having a comparatively low bearing 
capacity and aspects of excessive settlement. For instance, The Australian railway 
network covers over 44,000 kilometers across intrastate and interstate borders over 
six states and internal territories. The heavy and intense rainfall in Australia causes 
serious soil erosion that often results in uneven settlement underneath the track 
system that can have a disastrous effect if not addressed in a timely manner. Rain 
affected tracks are costly to repair and maintain, such that over last decade the 
Australian rail industry has spent over 2 billion dollars maintaining Sydney’s rail 
network. This means that finding appropriate alternative methods that reduce these 




study the deformation behavior of vegetated ground to use native vegetation to 
stiffen the soil and reduce erosion. 
1.2 Description of problem 
Most attempts to quantify the effects of vegetation have focused on the mechanical 
strength of tree roots under saturated conditions, while ignoring the influence of 
unsaturated soil. Modelling a vegetated vadose zone requires a detailed analysis of 
the root reinforcement effect under unsaturated conditions, whereas existing methods 
only consider a simplified root reinforcement model that is implemented by ignoring 
the unsaturated soil matric suction.  
Although design standards such as the Uniform Building Code (1997) and Standard 
Australia, AS2870 (1996) offer guidelines for the design and construction of footings 
and structures on expansive clays. Yet, none of them facilitate any guidelines on how 
ground desiccation caused by native vegetation should be taken in to account. 
Provided that the importance of the vadose zone in most geo-environmental projects, 
there is an immediate requirement for developing an improved understanding of how 
trees, including root based suction and reinforcements, influence behavior within this 
zone. 
A strong base region is the foundation on which to build engineering structures 
because it determines the critical limit of its performance under load. For instance, 
part of rail track maintenance is dedicated to drainage programs, but the results are 




established knowledge between ground base and vegetation, and unavailability of 
pertinent design procedures, has made it difficult to strategically implement and 
improve the ground base. This means that a clear understanding and knowledge of 
how vegetation influences the soil moisture profile and the mechanical properties of 
the root zone close to vegetation is needed for design purposes.  
1.3 Objectives of the project 
The main objective of this study is to develop an analytical model to investigate the 
pullout behavior of roots embedded in unsaturated soil and the numerical analysis of 
the interaction between vegetation and soil. This research work consists of four parts: 
(a) development of a tree root pullout model which integrates the outcomes of soil 
suction up on soil and root interaction, (b) conducting field measurements and using 
laboratory experiments (c) justifying the analytical model with the support of 
laboratory and field data, and (d) a numerical analysis of an unsaturated soil 
reinforced with tree roots and model validation.  
The Analytical model is developed to meet the following objectives:  
 Identify the independent factors that influence root soil interaction under 
unsaturated conditions. 





 Developing a mathematical model for the pullout capacity of an inclined root 
using shear stress mobilised in unsaturated soil-root interface that includes 
soil and root properties. 
 Use the pull out capacity model to develop an algorithm to model the pullout 
behavior of a simplified root system.  
 Identify all the coefficients involved in the pullout equations in terms of 
measurable physical parameters. 
 Analyse how different root and soil parameters affect the pullout strength of a 
given root system using the developed FORTRAN computer code 
The main objectives of the field measurements are: 
 A geotechnical field investigation to observe how a single representative tree 
affects the ground and how the vegetation discharges moisture from the 
surrounding area. 
 To install sensors to measure and monitor any variations in the soil moisture 
content at different locations in the root zones To collect samples of disturbed 
and undisturbed soil near a tree on a selected site, and measure its properties. 
 To develop the soil-water characteristic curve (the extent of saturation against 
matric suction) for field soil. 
 To measure variations in the soil metric suction in the root zone based on the 
SWCC and moisture content data collected.  
 To collect important climatic data and comprehensively analyse how 
different climatic parameters affect variations of the soil suction in the vadose 




The main objectives of the laboratory experiments are: 
 To model root reinforced soil using the root analogues in the laboratory.  
 To investigate the pullout behavior of root reinforced soil under unsaturated 
conditions. 
 To investigate how the soil and root parameters affect the pullout strength of 
the modelled root system.  
 To use the results of the laboratory pull -out tests to validate the analytical 
model developed in this study.  
The key objectives of a validation exercise based on field and laboratory data are as 
follows: 
 To study how changing the soil suction, the diameter of the tree roots and the 
size of root system will affect the analytical predictions. 
 To determine the key parameters that influence the interaction between roots 
and unsaturated soil. 
The main objectives of the numerical analysis are as follows: 
 Modelling partially saturated soil reinforced with roots. 
 Coupling the root water uptake models with the reinforced model. 
 Anaysing how root reinforcements affected the settlement and lateral strain of 
the vadose zone.   
 Verifying the proposed model using a simulation of some results previously 




 Determining the key parameters that significantly influence ground 
conditions in close to vegetation. 
 Offering geotechnical engineers an tool capable of supporting the designing 
structures on a vadose zone under the influence of native vegetation. 
1.4 Organisation of the thesis 
Following this introduction,  
Chapter 2 presents a comprehensive survey of literature associated with the 
interaction between vegetation and ground, the hydrogeological features influencing 
the ground, key parameters controlling the root soil interaction, methods for 
measuring soil suction, previously published literature containing field investigations 
of the interaction between tree and ground, and a detailed review of predictive 
mathematical and numerical models.  
Chapter 3 examines the field measurements and observations related to the temporal 
and spatial variations of soil metric suction close to a mature gum tree. Variations of 
the moisture content in the vadose zone were monitored and measured by sensors 
installed at different locations close to the tree. The soil samples were tested in the 
laboratory to measure the required mechanical and physical parameters of the soil, 
including the Soil Water Characteristic Curve. The necessary climatic data were 
obtained from the Bureau of Metrology to investigate how climatic changes affect 




Chapter 4 describes the development of an analytical model of root soil interface 
under unsaturated soil conditions. The main objectives of this chapter are: (a) to 
identify the factors influencing root interaction, (b) to simulate a simplified straight 
root system, (c) to develop a pullout model for unsaturated soil-root composite (d) to 
develop a FORTRAN code to understand how different root and soil parameters 
affect the pullout root strength. 
Chapter 5  is devoted to the series of laboratory pullout tests conducted using the 
modelled tree root system to identify how different soil and root properties affect 
root soil interaction during the pullout process. Details of the experimental setup, the 
compaction process, and the evaluation of the experimental results are presented in 
this chapter, and the validation of the analytical model is presented at the end.  
Chapter 6 presents the finite element model developed to identify how root 
reinforcements affect ground settlement caused tree root water uptake. Details of the 
numerical modelling carried out using the ABAQUS finite element code is presented 
here, and the effect of different root soil parameters on the ground settlement is 
discussed. The comparisons between numerical predictions and the time variation of 
suction measured in the field are analysed and discussed at the end of this chapter. 
Chapter 7 presents the conclusions of the current research and provides 







2. LITERATURE REVIEW 
2.1 Introduction 
Bioengineering applications in civil engineering, with the use of vegetation, initiated 
with slope stabilisation and erosion control on specific engineering structure that has 
been influenced quite significantly by hydrological and environmental conditions are 
railways. In Australia, for example, many rail tracks have been built on clayey soils 
which are moisture sensitive, which is why bioengineering methods for stabilising 
railway corridors are becoming popular.  
Tree roots improve the soft grounds mainly reinforcement and root induced matric 
suction. It is evident that existing studies focused on quantifying the outcomes of 
vegetation have focused on reinforcement without considering the effect of suction. 
Different aspects of vegetation are summarised and described in detail in this 
chapter. Existing root reinforcement models are presented, followed by a review of 
some recent work on field observation and measurements, including the predictive 




2.2 Tree roots and reinforced earth 
To prevent surficial soil erosion, herbaceous and woody vegetation are commonly 
used for stabilisation, Coppin and Richards (2007). Slope stability sustained by 
vegetation is quite well appreciated compared to mass stability. The process by 
which soil is reinforced by vegetation incorporates six primary mechanisms (Gray 
and Leiser) (1982) and they are: 
1: Root reinforcement of the soil 
Fibrous tree roots reinforce soil and increase the shear strength of composite soil; 
this increases the strength of vegetated soil more than soil free of roots.  
2: Modification of soil moisture 
Trees remove water from the vegetated ground via transpiration and alter the 
condition of the soil moisture quite significantly.  
3: Soil arching and buttressing 
By simply having their presence, trees with stems and root systems comprising of 
an adequate girth, obstruct the movement of soil. This phenomenon is recognized 
as buttressing. Arching is a condition where soil is stabilised between two 
buttresses.  
4: Surcharge weight of trees 
Tree surcharge is the weight of an individual tree, particularly on a slope, or when 





Wind-throw is the process whereby trees are uprooted and broken by wind forces.  
The surcharge weight of a tree has a minimal effect on a the stability of a riverbank 
(Abernethy and Rutherfurd (2000), Docker and Hubble 2001). Root wedging and 
wind throw possibly have a negative effect on slope stability, although the available 
research on this subject is limited. The effects of wind on a tree can be vital because 
wind forces can be transmitted to the soil via roots; research into the effect of wind 
on trees has been carried out by (Brown and Sheu 1975), from which they developed 
a theoretical framework to assess and understand the effect of wind on trees.  
A substantial portion of research has been carried out for the purpose of 
understanding the mechanisms of root reinforcement; these comprise of  root 
reinforcement of the soil in laboratory and field tests  (Kassiff and Kopelovitz 1968), 
theories of reinforced earth (Vidal 1969, Schlosser and Long 1974), testing of soil 
reinforcement with low modulus fibre and fibres  (Broms 1977, Tumay, Antonini et 
al. 1979), theoretical models of fibre-root reinforcement (Waldron, 1977, Wu, 
McKinnell III et al.; 1979, Wu, Beal et al.; 1988). 
2.3 Earth reinforcement theory 
Roots and soil have different characteristics; soil has superior shear strength when 
exposed to compression and limited shear strength in tension, both of which are 




resultant soil-root matrix mass which has a higher strength than soil or roots on their 
own. The roots transfer the shear stress produced within the soil into tensile 
resistance in the roots, as well as dispersing stresses through the soil that ultimately 
eliminates the accumulation of stress build-ups and accelerating to failure. 
Vidal (1969) pioneered the development of theory related to reinforced earth. When 
a vertical principal stress is applied onto an unconfined element of soil it will be 
subjected to lateral strain and axial compression (Figure 2-1), and the lateral 
movement generated within the soil will develop a frictional force among the 
reinforcement and the soil when reinforcement is applied in the form of horizontal 
stripes.   
As a tensile force develops within the reinforcement, a compressive lateral stress is 
developed within the soil, which is similar to an external pressure confined to the 
soil, and which is also proportional to the applied normal confining stress up to a 
limit expressed as the 'critical confining stress' (Chalaturnyk, Scott et al. 
1990)(Schlosser and LONG 1972, Ingold 1982). Hence, reinforcement in soil is 
actually an anisotropic reduction or suppression of an applied normal strain rate 
rather than a tensile strength. The concept of anisotropic cohesion emerged as a 
result of this suppressive mechanism. 
(Schlosser and LONG 1972) noted that the critical confining stress and failure modes 
of samples of sand reinforced with fibre which are above the critical stress value, 






Figure 2-1.  The reinforced element resists lateral expansion by a frictional force 
mobilised between the soil and reinforcement. (Gray & Leiser, 1982) 
It was also demonstrated that beyond this point ‘the equivalent confining stress’ 
ceases to increase, although a steady increase in shear resistance takes place (given 
that the applied confining stress remains above this point). This means the failure 
envelopes of reinforced and unreinforced sand are parallel for tensile failure and 
have an identical internal friction angle, as seen in Figure 2-2. They therefore 
concluded that the extra strength transferred by the reinforcement could be 
represented by an apparent anisotropic cohesion. These observations were supported 
by (Schlosser and Long 1974, Ingold 1982) who developed an expression for 
anisotropic cohesion based on a theoretical analysis; 
 
   




where anisotropic cohesion is given by c'; the tensile strength of the reinforcement is 




coefficient is expressed as Kp. Failure occurs as the soil-reinforcement bond below 
the critical confining stress is disrupted where the reinforcement slips or pulls-out of 
the soil. 
The assumption for this type of failure is that friction along the reinforcement is 
proportional to the normal confining stress. According to (Hausmann 1976), the 
resultant effect for an increased friction angle of the earth reinforced sample can be 
evaluated by; 
 
      
      
      
 (2.2) 
Where   denotes the friction angle of the reinforced earth sample, the coefficient of 
active earth pressure is denoted by  , and   represents the tensile force instigated 
by reinforcements acting on the failure plane. 
 
Figure 2-2.  Mohr-coulomb envelopes for reinforced and unreinforced soils with 





Researchers who have worked on the effects of root reinforcement on soil and found 
that roots failed under tension conceived that the frictional component of the strength 
of root systems has a minimal impact on the strength of soil (Endo and Tsuruta 1969, 
O’loughlin 1974a, O'Loughlin 1974b, Waldron 1977, Waldron and Dakessian 1981, 
O'Loughlin and Ziemer 1982, Riestenberg and Sovonick-Dunford 1983, Abernethy 
and Rutherfurd 2001). To be precise, for a given length of root, the confining stresses 
within the soil are large enough to exceed the critical confining stress, which allows 
the required frictional bond to be mobilised in conjunction with the root system and 
soil which stops the root system from pulling out of the soil to which it is connected. 
The shear zone must be wide enough to allow those roots crossing it to deflect, 
elongate, and develop their maximum tensile strength, instead of failing in shear, as 
they would with a thin shear zone that is only several millimetres wide, and where 
the roots are held firmly by soil in either direction (Burroughs and Thomas 1977). 
These observations were utilised to demonstrate that the best approximation for the 
root reinforcement of soil is by increasing the apparent shear strength of the soil.  
Some studies showed that an apparent accumulation in the shear strength of soil was 
confined to roots up to 2 cm in diameter (Coppin and Richards 2007), beyond which 
it was believed that reinforcement depends largely on the ability of roots  to anchor a 
comparatively weaker layer of soil across a discontinuity and the shear surface to an 
underlying stronger soil or bedrock. 
The cause of this limitation is unclear because field studies often cited to underpin it 
(Burroughs and Thomas 1977), (O'Loughlin 1974b)also showed that smaller roots 




(Burroughs and Thomas 1977) measured roots up to 1 cm in diameter, and 
(O'Loughlin 1974b) measured roots up to 3 cm, but a comprehensive literature 
review failed to identify any studies relating to the reinforcing actions of different 
sized roots. 
Numerous examples are available for small roots with diameters less than 2 cm that 
acted or were suspected of acting as ground anchors by growing into discontinuities 
and fissures in the bedrock or more stable substrate (Swanson and Dyrness 1975), 
(Ziemer and Swanston 1977),(Riestenberg 1994). By not being limited to specific 
size limits, it is generally accepted that roots may also increase the shear strength of a 
soil via an anchoring mechanism apart from an increase in apparent soil cohesion. 
2.3.1 Tree roots as anchors 
The technique of root anchoring is analogous to root reinforcement, except that it 
occurs on a large scale(Greenway 1987)  and is similar to flexible cables or ground 
anchors (Hanna 1982)where individual roots resist shear by mobilising their tensile 
strength under displacement, and failing by breaking in tension or pullout, rather than 
in shear. 
The scale of tensile resistance that a root can mobilise to prevent failure is a measure 
of the total tensile strength of the root as well as its unique morphology, which 
contains the length of the root set within the soil (Gray and Sotir 1996), and its 
branching pattern (Riestenberg 1994). The capability of roots acting as anchors can 




the features of branch roots such as their quantity and orientation.  Pullout resistance 
at the shear surface becomes a function of root diameter (Wu, McKinnell III et al. 
1979, Riestenberg 1994), but because of the progressive failure of branches, the 
pullout resistance of a highly branched system may be much less than the main root 
section.  
Moreover, where branching is minimal, disparity between the pullout resistance and 
tensile strength of the main root segment is statistically insignificant (Abernethy and 
Rutherfurd 2001) because the pullout resistance will generally increase as the 
diameter of the root at the shear surface increases(Riestenberg 1994). A key 
difference between root anchorage and roots that are acting as the matrix of a root –
soil system is the ability of the root anchor to operate independently and provide 
varying amounts of shear resistance at different displacements. The result is to 
supply a reduced increase in shear resistance for roots that pullout of the soil, while 
anchors compared to roots of the same size concurrently fail in a soil root matrix 
(Waldron and Dakessian 1981). Regardless of whether the  root anchorage helps  to 
increase the strength of soil or leads to a progressive failure of root systems 
(Greenway 1987), studies focusing on this specific effect on overall soil shear 
resistance are uncommon, so  see (Riestenberg 1994) for exceptions. 
In past studies the effect of root anchoring focused entirely on the resultant 
buttressing effect that may be generated from a well anchored tree (Gray and Leiser 
1982, Greenway 1987, Coppin and Richards 2007, Styczen and Morgan 1995), while 
only a limited focus was given to the function of individual anchors (Rietberg, Van 




2.3.2 Tree buttressing and soil arching 
According to (Gray and Leiser 1982), whenever a  tree is firmly anchored to a solid 
base by a large number of roots with large diameters  and it is assumed that the 
anchors will not fail, then a vertical root cylinder having a greater scale of root 
reinforcement directly below the tree stem, may support buttressing in the soil layer 
against movement in shear, as shown in Figure 2-3. According to a theory by (Wang 
and Yen 1974), the force acting on the soil and root system under each tree can be 
evaluated using the following expression: 
   
  
 
    
  (          (2.3) 
where the coefficient of lateral earth pressure is given by K0; Dr represents the 
diameter of the vertical soil-root cylinder; g represents the unit weight of the soil; z is 
the thickness of the yielding soil layer; the average lateral pressure in the voids 
between soil-root cylinders is given by p; and clear spacing between the soil root 





Figure 2-3 A schematic diagram of trees buttressing the soil on a slope with zones of 
arching restraint in between (Gray 1978) 
 
According to (Gray and Leiser 1982) a zone of soil arching may be generated 
between the vertical root cylinders on a slope. If this occurs, stress is transferred to 
the nearby root cylinders, which reduces the tendency of slope failure. The diameter 
and spacing of root cylinders, the thickness of the yielding soil and soil cohesion 
supports the scale of the arching effect. 
Where B depicts the slope angle, the shear strength parameters underneath the 
potential sliding surface is given by c1  and f1 (c & f) are the shear strength parameters 
within the soil. Other parameters are as given in Equation 2.2.  However, the 
phenomenon of arching and buttressing of soil is not fully understood and needs 




Studies conducted by (Riestenberg and Sovonick-Dunford 1983) and (Labbe, Hadley 
et al. 2011) demonstrated that trees canbuttress hillslopes and river banks, 
respectively. Alternatively, Abernethy (1999) proposed that even though buttressing 
riverbanks is effective, it is too localized and irregular to provide a specific effect. 
This is why river banks that have been de-vegetated did not have enough tree density 
to support an arching restraint. According to the equations described above, 
buttressing relies on the values of root reinforcement with the soil root cylinder at the 
potential sliding surface. 
2.3.3 Theoretical models of fibre-root reinforcement  
According to (Terzaghi 1943), Mohr-Coulomb failure expresses the shear strength of 
a soil in the simplest way: 
            (2.4) 
Where soil cohesion is denoted by c,   denotes the angle of internal friction, and σ is 
the normal stress acting on the plane of soil. In a permeated soil-root condition, the 
increased cohesion of soil provided by the roots (Sr) can be added as shown below: 
                  (2.5) 
(Wu, McKinnell III et al. 1979)  and (Waldron 1977) developed an independent 
model for determining the level of input that tree roots make to the cohesion of soil 




horizontal soil plane while covering the surface of the sliding slope.  This contains an 
elastic root having a thickness of z which stretches over the shear zone in the 
horizontal plane, as shown in Figure 2-4 
 
Figure 2-4.  Model of a flexible, elastic root extending vertically across a horizontal 
shear zone (Docker& Hubble 2008) 
A tensile force (  ) is generated within the roots once the soil is sheared.     is 
bifurcated into a ( r) normal component and ( r) is a tangential component that 
resists shear and amplify the shear plane's confining stress ,respectively. 
                          (2.6) 
   represents the tangential component and    represents the normal component 
exerted on the soil by   . The angle of shear distortion of the tree root is denoted by 
θ, therefore the amount contributed by the shear strength of the root can be defined 
as: 




The average tensile strength of roots per unit area of soil (tr) is shown in Equation 
2.7.  
      (      (2.8) 
Based on the above model, the tensile strength (Tr) and the cross-sectional area of 
soil covered by the roots (Ar/A) can be measured. To calculate how much the roots 
contribute to the strength of soil can be carried out by assuming that the shear 
distortion ( ) can be established. Even though this method has limited applicability 
due to the amount of simple assumptions made, it has still been widely utilised by 
researchers (Coppin and Richards 2007, Wu and Sidle 1995) with some success. The 
model infers the tensile strength of roots is completely mobilised at failure, but it 
does not consider the roots which may pullout or soil slippage before failure.  
(Waldron and Dakessian 1981) proposed a modification to overcome this problem by 
introducing a spectrum of root diameters and considering that roots may slip, break, 
and also stretch. Hence the model represents a type of ‘progressive’ failure as roots 
slipping through the soil keep on to inserting a reinforcing increment. Total root 
reinforcement consist of the combined effects of slipping, non-slipping, and 
stretching of roots (see equations 2.10 and 2.11) 
 
     {  
      }∑      
 
   
 (2.9) 
where τ' represents the maximum tangential stress; z represents the thickness of the 
shear zone;   is (sec θ); d is (sin θ + cos θ tan φ); As is the shear surface for a given 




quantity of non-slipping root size classes; the number of roots in each size class 
given by ni; di is the diameter of the root in each size class; Li is the length of the 
roots in each size class; and Ei is the modulus of the roots in each size class, 
respectively.  
The bond strength between a root-soil system was identified by (Waldron and 
Dakessian 1981) as the most vital unmeasured model parameter. They found that 
their values were limited to root reinforcement for clay, in a saturated system 
permeated with pine roots and barley, and that leads to different roots failing at 
different displacements.  (Waldron and Dakessian 1981) proposed that that assuming 
that all roots fail under tension may result in large overestimates of the increased 
shear strength for a root-soil system. 
Previously mentioned models take detailed accounts of tree roots that are initially 
aligned perpendicular to the shear surface, but in reality they may be positioned at 
different angles against a sliding or failure surface. (Gray and Ohashi 1983) 
considered this and developed a model for a long elastic fibre orientated either 
perpendicular or at an arbitrary angle to the shear surface. 
It was evident that the maximum values of increased shear strength matched  fibre 
inclined to almost (45 +  /2)º, yet the theoretical and experimental figures indicated 
that fibres inclined between 30-90 degrees to the shear acting plane (Gray and Leiser 
1982) exerted very little in the way of reinforcement. 
The perpendicular root model offers the most commonly applied and useful 




Wu and Watson 1998) with known solutions for the pile and cable when a shear zone 
develops and tree roots that pass through it are displaced with the soil, shear 
resistance can be evaluated. The orientation of roots within the shear zone defines the 
solution used, for example when the angle α is less than 90 degrees, the cable 
solution represented in Figure 2.5(a) is utilised, and the  soil reaches its highest limit 
of resistance, known as its passive pressure (ρp), when its displacement occurs 
towards the right. In this scenario the solution provides the tensile force in the 
direction of Y and Z, as given below; 
         (2.10) 
 
   
    
   
  
    
 
   
 (2.11) 
Here L represents the length of a root from a stationary point to the shear plane, the 
root diameter is represented by D, and deflection of the roots from point b is 
represented by u, where the root is in a vertical orientation (u' = du/dz = b; u = us at z 
= zs; z=zs  is the slope of Us; us' is the slope at z = zs) and the depth of the shear planeis 
provided by zs, and the passive resistance of the soil is given by ρp. If the angle is 
more than 90
o
, the roots will undergo compression, so to measure root resistance, the 
pile solution shown in Figure 2-5 can be used. According to (Poulos and Davis 
1980), compression in the direction of the Y axis can be calculated; 
 
   
     
    
 (2.12) 




Here, the diameter of the root is represented by D, soil cohesion is given by c, the 
shear plane relative to the alignment of the roots is provided by α, and δ = 180
o
 – α. 
The position of the roots must be known in order to use the above solutions. This is 
challenging, especially when applications to the stability of a slope are needed, and 
will result in requiring a number of estimates for simplifications for directly 
estimating the root forces or evaluating the orientation of roots within the shear zone. 
Some simplified approximations were given by (Wu and Watson 1998) for Ty and Tz. 
The test results given by (Wu and Watson 1998) provided estimations on the 
conservative side. 
 
Figure 2-5.  The root forces for (a) the cable solution, and (b) the pile solution  
(Wu and Watson 1998) 
 
This section describes the models utilised to outline the processes related to soil and 
root interfaces. Depending on assumptions about how roots are deflected within a 




friction, these models help to calculate the increase in shear strength. Many 
simplifications are needed to make these assumptions and they must be tested for the 
environment and conditions to be evaluated. 
One scenario to be considered is the simple root model by (Waldron and Dakessian 
1981) above which overestimates the shear strength resulting from pullout and the 
progressive failure of roots. Experimental results obtained by (Waldron and 
Dakessian 1981) revealed that the simulated values of Sr for Barley and Pine roots 
were only 56 % of those calculated for all the roots that immediately mobilised their 
complete tensile strength.  
2.3.4 Root reinforcement measurements 
Laboratory tests to measure he direct contribution made by roots were carried out by 
(Endo and Tsuruta 1969), (O’loughlin 1974a), (O'Loughlin 1974b), (Ziemer 1981), 
(Wu, Beal et al. 1988), (Wu and Watson 1998), and (Ekanayake and Phillips 1999) 
in in- situ tests, and also by (Waldron 1977; Waldron and Dakessian 1981; Waldron, 
Dakessian et al. 1983) and (Terwilliger and Waldron 1991). These investigations 
revealed that roots increase in volume across the shear zone as the shear strength of 
the soil increased. 
Depending on the environmental conditions and the characteristics of trees and soil, 
the actual increases in strength may vary considerably (see Table 2-1). The link 
between the quantity of roots and the increased shear resistance proved to be linear 




1999),and exponential (Styczen and Morgan 1995), so the true nature of this 
relationship remains indefinable. Researchers such as (Jewell and Wroth 1987) 
argued that a linear increase in the strength of reinforced soil is impossible, but all 
the studies suggest that root reinforcement has a significant effect on the strength of 
soil, even at low root densities. 
Table 2-1.  Typical values of root shear strength obtained in previous investigations 
(O'Loughlin and Ziemer 1982, Wu 1995) 
Investigation Soil/ Vegetation Study Method 
Sr/Ar or 
[Cr] (kPa) 
Endo & Tsurata 
(1969) 
Loam/ European Alder 
(Hokkaido) 
In-situ Shear 0.05% 10
4
 
Swanston (1970) Till, Colluvium/ Conifers 
(Alaska) 
Slope Failure [3.4-4.4] 
O'Loughlin 
(1974b) 
Till, Colluvium/ Conifers 
(British Columbia) 
Slope Failure [1.0-3.0] 





Till/Conifers (West Oregon 
& Idaho) 
Tensile Strengths [3.0-17.5] 
Wu et al. (1979) Till, Colluvium/ Conifers 
(Alaska) 
Slope Failure [5.9] 
Ziemer (1981) Sand/ Pinus Contorta 
(California) 






Gray & Megahan 
(1981) 









Colluvium, Silty Clay 
















Loams/ Chaparral Laboratory Shear [0.4-0.8] 
Wu & Watson 
(1998) 
Silty Sand/ Pinusradiata 
(New Zealand) 
In-situ Shear [2.5-4.5] 
Abernethy & 
Rutherfurd (2001) 
Silty Loam/ River Red 
Gum/ Swamp Paperback/ 
Latrobe Valley, Vic 
Pullout Tests [10-120] 
Schmidt et al. 
(2001) 
Colluvium/ Mixed forest 
species (Oregon) 
Tensile Strengths [6.8-94.3] 
2.4 Root system architecture 
To understand the morphology of a plant’s root system, the contribution made by the 




understanding the morphology of the root system because the systematic morphology 
of tree roots is one of the least understood aspects of arboriculture (Helliwell 1986). 
The reason for this is primarily due to variation and difficulties which occur from 
tree to tree as well as within regions. In fact (Kozlowski 1971) reported that the 
growth rate of roots and root structure are depend mainly their environment.   
Furthermore, there are some other pivotal conditions on which the root growth of a 
plant depends, such as soil aeration, and site locations and conditions such as 
temperature and nutrient, and the availability of moisture. Figure 2-6 represent the 
major components of the root system of a tree (Sutton 1969) and (Kozlowski 
1971)and provides the morphology of a root system with inclusive descriptions. 
Lateral roots are commonly located near the subsurface of the soil and close to the 
root stem of the tree, where the taproots are located.  
According to Gray and Leiser (1982), a single mass of soil can be bound by a lateral 
root system, although potential failure of the planes are averted by support from the 
vertical roots. Thus the depth where the vertical roots extend to is vital and varies 
significantly between the species and the root environment. Where restrictive soil or 
substrate characteristics are absent, many trees have the intrinsic ability to develop 
deep and far reaching root systems (Stone and Kalisz 1991). 
2.4.1 Architectural investigations of the root system 
Architectural studies of root systems usually focus on vegetative crops to analyse 





Figure 2-6.  Representation of the main root system parts  (Wu 1995) 
  
Figure 2-7.  Some examples of the wide variety in root geometry of different species 





Figure 2-8.  The root development of Casuarina cunningbamiana under different soil 
and water table conditions (Yadav 1981) 
mathematical models of the form and geometry of root structures (Lungley 1973, 
Henderson, Ford et al. 1983, Rose 1983, Diggle 1988, Wu, Beal et al. 1988, Pages, 
Jordan et al. 1989, Clausnitzer and Hopmans 1994), and general rooting habits  
because they depend on site conditions and processes (Zimmer and Grose 1958, 
Ashton 1975, Somerville 1979, Watson and O'Loughlin 1985, Dabral, Pant et al. 
1987, Riestenberg 1994). in the geometry of roots varies greatly between  species, 
and within the same species, as shown in Figure 2-8. In fact, the influence that local 
site conditions have on roots makes it difficult to transfer data between different sites 
(Stone and Kalisz 1991). 
Depending on their particular growth patterns, various root systems can be 
categorised, as shown in Fig 2.9 (Kozlowski 1971). It can therefore be concluded 
that the wide variation that exists in growth patterns means there are more or less 





Figure 2-9.   Different types of root systems as modified by growing site. Tap root 
system evident in a, b, c, d and h. Heart root system evident in b and e. plate root 
system evident in f, g, I, and j. Pneumatophores of a mangrove tree in k. 
2.5 Models to predict root induced suction and the soil moisture 
content 
As stated in the previous section regarding  assumptions of variations in the moisture 
content or soil suction formulated by tree roots essential for understanding the 




system was developed by (Molz and Remson 1970) where it assumed a linear 
behavior between the rates of root water uptake, but it did not consider soil suction to 
be a limiting factor. By using the Douglas-Jones (Douglas and Jones 1963) predictor-
corrector methodology and changing the flow equation to finite difference linear 
equations with a tri-diagonal coefficient matrix, they resolved a one dimensional 
flow equation which included water uptake by a root system  where assumptions of 
the moisture content were reasonably in line with experiments. 
(Molz and Remson 1970) concluded that detailed level of understanding of the 
effective distribution of roots would result in a comprehensive understanding of the 
distribution of moisture close to vegetation.  A one dimensional numerical model 
was developed by (Chang and Corapcioglu 1997) to simulate vertical unsaturated 
soil water in cropped soil, and during this analysis they also used the model 
developed by (Borg and Grimes 1986) to include the vertical growth rate of roots. 
The numerical predictions made by (Chang and Corapcioglu 1997) were consistent 
with the field data for cotton. 
A numerical deformation and flow analysis carried out by (Fredlund and Hung 2001) 
shows a linear relationship for a one dimensional water uptake by a root system from 
maximum water uptake near the ground surface to zero at depth. 
Solutions for stress and displacement analysis as well as moisture flow were found 
using the PDEase2D differential equation solver. Variable stress state methodology 
was used in this analysis to consider changes in the volume of air in unsaturated soil. 
However, the shape of the root zone and water uptake by the root was not included in 




close proximity to an almond tree, the HYDRUS-3D code was utilised by (Vrugt, 
Wijk et al. 2001) to optimise the soil hydraulic and water uptake model parameters, 
and from which they concluded that the relationship between the simulated and 
measured water content was good.   Yet the mechanical parameters of soil have not 
been considered in this study and only water flow has been simulated. Moreover, 
instead of considering the measurements from the laboratory and field test, 
HYDRUS-3D model parameters were optimised using generic and simplex methods 
(Vrugt, Wijk et al. 2001).  
A three dimensional model was developed by (Buyuktas and Wallender 2002) to 
evaluate the unsaturated flow equation under root water uptake while considering a 
modified SWMS-3Dmodel. For other hydrological features, this model can be 
incorporated to include irrigation and evaporation. Several examples were provided 
by Buyuktas and Wallender 2002 to verify their model against experimental data or 
analytical solutions. 
(Buyuktas and Wallender 2002) concluded that satisfactory results can be obtained 
using the model and it can accurately predict the elevation of the ground water table, 
despite neither the moisture content or suction profiles being presented or discussed. 
This model cannot calculate the amount of ground settlement because they did not 
consider the equations for stress and deformation during their analysis. 
By considering a sink term, (Rees and Ali 2006) carried out a finite element analysis 
to resolve Richard's unsaturated moisture flow. Coupled flow deformation equations 
for unsaturated soil were solved by (Indraratna, Shahin et al. 2007) by the use of the 




moisture content and settlement of the soil can be predicted   by using the numerical 
model. 
2.6 Review of unsaturated soil mechanics 
2.6.1 Introduction 
Soil generally exists in unsaturated and saturated forms where water or other forms 
of fluids (i.e. air) may be contained within the soil voids. An unsaturated soil element 
generally consists of air, water and solids where the co-existence of all of these 
major substances results in a complex mechanical behavior where classic soil 
mechanics theories such as Terzaghi's law of effective stress are not applicable. 
Therefore, in problems in engineering applications, unsaturated soil conditions are 
normally considered because they exist in fully saturated conditions despite the 
difficulties of applying classical soil mechanics theories to unsaturated soil 
conditions. 
2.6.2 Mechanical behaviour of unsaturated soil 
The mechanical behavior of a soil can be explained, according to (Fredlund and 
Rahardjo 1993), by taking the stress state variables as combinations of stress 
variables which define the stress in a soil. (Terzaghi 1936) proposed the concept of 
effective stress to define the variable stress states of soil in a saturated condition; this 




some emphasis has been placed on extending and using a similar concept to describe 
unsaturated soils in effective stress, only limited studies have proposed extensions to 
Terzaghi’s effective stress, or the so called Bishop effective stress approach recently 
adopted by (Khalilli and Khabbaz 1998).   
According to (Fredlund, Morgenstern et al. 1978), three variable stress states exist in 
unsaturated soils: effective stress (σ - uw), (σ - ua) which is net normal stress, and (ua 
- uw) which is matric suction, were the two most commonly used variables for 
outlining the mechanical behavior of net normal stress and the matric suction. Apart 
from those mentioned above, the behavior of unsaturated soil can be described using 
the three possible variable stress states shown in Table 2-2. As a comparison, the 
conjunction of normal stress and matric suction has many advantages because it can 
differentiate between the effects caused by a change in the pore water pressure from 
the total normal stress, and in many cases related to practical engineering, the pore-
air pressure is considered as atmospheric. 
Table 2-2.  Possible combinations of variable stress states for an unsaturated soil 
Reference Pressure Variable Stress State 
Air, ua (σ - ua) and (ua - uw) 
Water, uw (σ - uw) and (ua - uw) 





2.6.3 Theory of Shear strength 
(Terzaghi 1936) proposed the Mohr-Coulomb criterion for the shear strength of a 
saturated soil by extending Terzagi’s principle, while(Bishop 1960) proposed a shear 
strength equation for unsaturated soils that can be expressed as: 
      (            (      [(  (      ] (2.14) 
Where the shear strength is denoted by τ, the effective cohesion intercept is c’, 
internal friction at an effective angle is denoted by ϕ’, matric suction is given by 
(ua – uw), and the net normal stress is expressed as (σn + ua). In a relationship with 
unsaturated or unsaturated soils, the χ parameter varies from 0 to 1 and is sometimes 
perceived as being equivalent to the degree of saturation.  
Theoretically and experimentally it is difficult to quantify the parameter χ as well as 
not wanting to use it, so according to (Khalili and Khabbaz 1998) Equation 2.14 can 
be defined as below: 
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Where (ua - uw)f expresses matric suction during failure, and (ua - uw)b provides the 
air entry value. By considering the stress variables developed by (Feddes, Kowalik et 
al. 1978), the shear strength for the Mohr-Coulomb criterion is as follows: 




Where the shear strength is denoted by τ, the effective cohesion intercept is c’, the 
internal friction at an effective angle is denoted by ϕ’, the normal stress is σn and the 
change in shear strength is denoted by ϕb.  
The soil water characteristic curve is expressed by a relationship between the 
hydraulic properties and shear strength (Fredlund, Xing et al. 1996); this expression 
is represented in Equation 2.16. 
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Where the best fit is obtained from using the value between the predicted and 
laboratory measured values, and is denoted as the k fitting parameter. The normalised 
water content is denoted as  ,and by using the fitting parameter, and the shear 
strength can be predicted by extending Equation 2.16 (Vanapalli, Fredlund et al. 
1996) further in terms of the saturation of soil and the water content volumetrically. 
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Where the degree of saturation is denoted by Sr, and volumetric water is θ. The 
saturated and residual conditions are denoted by subscripts, respectively, the amount 






2.6.4 Laboratory testing of unsaturated soil 
To test soils under unsaturated conditions, the conventional direct shear apparatus 
must be modified. Conventional methods such as vapour equilibrium, axis 
translation, and osmotic suction techniques can be used to measure and control 
suction, of which axis translation, one of the most common, is described in some 
detail in the subsequent sections. 
2.6.4.1 Axis-Translation technique 
Pore water pressures are generally measured in direct relationship with the air 
pressure conditions, whereas the axis translation suction technique is used to increase 
the air pressure while maintaining the pore water pressure at a predetermined value 
or at atmospheric conditions, and suction is measured by considering the difference 
between water and air pressure (ua-uw) at any given time. According to (Bishop and 
Blight 1963), when a ceramic disc with an air entry value that is larger than the 
matric suction can inhibit contact between the air and water in the test apparatus. 
This process is also utilised in other different types of apparatus such as the pressure 
plate extractor apparatus and tri-axial systems. 
(Hilf 1956) pioneered the Axis Translation technique, and it is now widely accepted 
by many other researchers as a successful technique for controlling suction. Despite 
its wide acceptation  researchers such as (Fredlund, Rahardjo et al. 2012), (Delage, 
Romero et al. 2008, Baker and Frydman 2009)perceived some limitations with the 




the limitations of Axis Translation in some detail. Indeed(Baker and Frydman 2009) 
pointed out that the primary limitation of this method is that it prevents the soil water 
from cavitation by transferring uw to the positive range which modified the soil's 
behavior. This means that uninterrupted air and water phases would be needed to 
maintain suction in the system, and therefore natural soil conditions cannot be 
reproduced fully while typical air pressures remain atmospheric.  
Another common issue in the technique of axis translation is the air dispersion via 
the high air entry disk. This was pointed out by (Fredlund, Rahardjo et al. 2012) and 
(Bocking and Fredlund 1980) in some detail, but they also proposed possible steps to 
resolve any adverse effects from laboratory testing. Air diffusion through porous 
ceramic disks has practical limitations on the time period of a test run so  the air 
diffusion rate must be measured for every axis translation apparatus. Moreover, air 
bubbles are flushed below the high air entry, so a ceramic disc is needed to maintain 
the compartment above the transducer saturated with water. 
2.6.5 Soil-water characteristic curve (SWCC) 
The soil-water characteristic curve (SWCC) provides a relationship between the 
suction of soil and mass of water, and it also supports understating the graduation, 
the void ratio, and the texture of the soil. The use of SWCC has become increasingly 
popular because it is simple and less time consuming during laboratory testing. In 
most applications the properties of soils in unsaturated conditions have been 




demonstrated the ability of SWCC to measure the shear strength of unsaturated soils. 
These modifications have enabled unsaturated soil to be tested using conventional 
direct shear and triaxial apparatus excluding costly modifications. Therefore, in the 
context of experiments attached to unsaturated soils, the development of SWCC has 
evolved into one of the most significant features. 
2.6.5.1 Analytical models on SWCC 
A number of models have been proposed for representing data on soil retention via a 
regression analysis of laboratory data, several of which are described in the 
following sections. A set of equations dependent on various studies and based on 
hydraulic conductivity, have been proposed by (Van Genuchten 1980). This model 
was similar to different materials tested in laboratory conditions, and hence SWCC is 
one of the most widely accepted models. The SWCC model is expressed as:  
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Where the dimensionless water content is Θ, m, α and n are the empirical parameters, 
and the matric suction is denoted as s. Θ is expressed in the following equation.   
 
  
    
     
 (2.20) 
Where the water content of soil is θ, and the residual and saturated values are 
represented by r and s, respectively. The relationship shown in Equation 2.20 is 









(Fredlund and Xing 1994) developed a correlation between the pore-size distribution 
of soil and SWCC.  From Equations 2.21 and 2.22, the SWCC can be determined if 
the distributions of pore-size of a soil are predicated or obtained.   
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where the residual water content corresponding to the correction function is denoted 
by C(ψ), the water content is w, the matric suction is ψ, and the fitting parameters are 
a, n, and m. The water content is expressed in Equation 2.23. 
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where the residual water content corresponding to the correction function is denoted 
by C(ψ), the water content is w, the matric suction is ψ, and the fitting parameters are 
a, n, and m.  
2.6.6 Measurement of SWCC in laboratory 
2.6.6.1 Pressure plate apparatus 
The most widely utilized apparatus for determining the SWCC of soils under 




in earlier sections is used in the pressure plate apparatus to apply the matric suction, 
and the maximum value of applied suction is limited to the high air entry ceramic 
disks for the air entry value present in the apparatus. This value is generally 1500 
kPa for most high air entry disks within the pressure plate apparatus, yet ceramic 
disks with lower values such as 500 kPa are also present. Pressure plate apparatus are 
generally utilised to test finer soils because they retain water more tightly. Figure 
2-10 represents the general setup of a pressure plate apparatus. 
 
Figure 2-10.  General setup of a pressure plate apparatus  (Fredlund, Rahardjo et al. 
2012) 
Prior to testing, a higher entry ceramic disc is saturated using  techniques such as 
inundation, and the soils are prepared to a required density and saturation in retaining 
cells, and then the samples of soil in the pressure chamber are weighed. The pore air 




pressure in order to apply suction via the axis translation principle. Water flows from 
the specimen under the influence of matric suction until an amount of water that is 
equivalent to the applied suction is reached.  This specific state of equilibrium is 
generally observed via the air-water interface of the burette attached to the water 
compartment of the pressure chamber (Indraratna, Premadasa et al. 2014). A status 
of equilibrium is approached after seven days, or when the air-water interface reports 
a change of less than 1ml over a 48 hour period. Once this was approached, the 
pressure chamber was opened and the sample specimen and their retaining rings 
were weighed to assess the equivalent water content. The specimens were then 
placed back onto the porous plate and the next increment of suction was applied by 
increasing the air pressure. This process is continued until the required matric suction 
is attained.. 
2.6.7 Chilled mirror hygrometer 
Other techniques mentioned in (Indraratna, Premadasa et al. 2014) such as the chilled 
mirror hygrometer can be utilised for the matric suction values which surpass the air 
entry values of the ceramic discs in the pressure plate.  The chilled mirror 
hygrometer records the SWCC with regard to total suction. Compared to the other 
techniques, this apparatus allows the matric suction to be measured directly, whereas 
the others measure the water content of the soil. This technique is generally used to 
determine only a part of the soil-water characteristic curve that corresponds to 
suctions that are generally higher than 1000 kPa. The apparatus mentioned in 




osmotic constituent of total suction is normally small, so if measurements are 
compared, the matric suction and total suction are comparable. In this scenario, the 
infill material is placed into a 40mm diameter plastic container, where the internal 
temperature and vapour pressure depend on total suction to a point until the 
temperatures in the chamber have decreased (Indraratna, Premadasa et al. 2014).  
This device was calibrated using a manufacturer’s solution which provided 0.5 M 
KCL prior to measuring the suction. Figure 2-11 shows an illustration of a of a 
hanging column apparatus (after Figure 2-12 a schematic diagram of a chilled mirror 
hygrometer (Decagon Devices chilled mirror hygrometer computes Decagon 
Devices). 
 







Figure 2-12.  A schematic diagram of a chilled mirror hygrometer (Decagon Devices 
Inc.) 
2.6.8 Hanging column apparatus 
The hanging column apparatus is better at measuring suction from 0 to 80 kPa so it is 
generally used for coarse soils containing small fines that drain radically. A 
schematic diagram of a typical hanging column apparatus is shown in Figure 2.12.  
Here, by maintaining the pore air pressure, matric suction, and atmospheric 
conditions of a saturated sample, the pore water pressure is reduced. 
2.6.9 Centrifuge 
In situations where an acceptable amount of water can be extracted by suction, the 
centrifuge method is better at measuring the suction of coarser soils from 0 to 120 
kPa. Here, a specimen of saturated in a support chamber was subjected to centrifugal 




levels of matric suctions can be applied. Water displaced from the soil at a specific 
angular velocity is collected and measured in a calibrated cylinder at the base of the 
support chamber (ASTM 2008). Then, by applying different matric suctions, the 
development of the soil water characteristic curve was done and the volume of water 
displaced by the soil at different angular velocities was measured. 
In order to determine the full range of the soil-water characteristic curve, these 
methods must be used in conjunction because none of the equipment can cover the 
entire series of matric suction measurements. The pressure plate may be useful for 
intermediate water contents and suctions and the hanging column and the centrifuge 
can be used to define the soil water characteristic curve at lower suctions, while the 
chilled mirror hygrometer is used for higher suctions. 
2.6.10 Parameters affecting the SWCC 
2.6.10.1 Void Ratio 
Kawai et al. (2000) carried out a detailed study of how the void ratio  affected the 
SWCC. An oedometer apparatus was used by (Kawai, Kato et al. 2000) to test silty-
clay soil, and during this test, suction was applied using the pressure plate method. 
The AEV is inversely proportional to the bulk pore sizes (Zhan and Ng 2004), so the 
AEV is thought to be in inverse proportion to the log of the void ratio of the soil. The 
relationship between the AEV and the void ratio is depicted in Figure 2-13. The 
AEV is considered to be important for partially saturated soils due to a decrease in 




rapidly when the suction exceeds the AEV (Ng and Zhou 2005) the AEV is 
considered to be an important parameter for partially saturated soils. 
2.6.11 Soil type and mineralogy 
The effect of soil type on the soil water curve was investigated by (Miller 2002), who 
used three types of soil types obtained from landfills located in south Michigan. The 
plasticity indexes of these soils were 60, 17 and 7, respectively. Each soil was used 
to obtain the SWCC with the corresponding Van Genuchten fit (LeBoon and Traver 
2007) and the results are illustrated in Figure 2-14. 
 






The graph clearly shows that the SWCC is directly affected by the type of soil and 
the fraction of clay present in each soil sample. As the amount of clay in the soil 
increases, the amount of water retained at certain suctions also increased. At a 
suction of 500 kPa, soils 3, 2, and 1 in Figure 2-14 adopted from (Miller 2002) were 
43%, 37% and 17%, respectively.  
 
Figure 2-14 Variation of SWCC behavior due to soil type (Miller 2002) 
2.6.11.1 Temperature 
(Niu, Ye et al., 2009) studied the outcome of temperature on the soil water 
characteristic curve. A number of laboratory tests were carried out by (Ye, Wan et al. 
2009) under different constraint conditions to obtain the SWCCs of greatly 







Under unconfined and confined conditions, the capacity of GMZ bentonite to retain 
water decreased as the temperature increased.   Figure 2-15 illustrates the test results, 
adopted from (Niu, Ye et al., 2009), here the graph shows that at a certain 
temperature, the capacity of the confined specimen to retain water was less than the 
unconfined samples, but at certain temperatures, this capacity to retain water was not 
influenced very much by the constrained conditions (Ye, Wan et al. 2011). 
 
Figure 2-15 Comparison of SWCCs in unconfined/confined wetting paths at different 
temperatures (Niu, Ye et al. 2009) 
2.6.11.2 Grain size distribution 
Another factor that can affect the SWCC is the grain size distribution of soil. The 




as (Arya and Paris 1981, Arya, Leij et al. 1999), (Tyler and Wheatcraft 1992, 
Fredlund, Xing et al. 1996)(Fredlund, Wilson et al. 2002, Yang, Rahardjo et al. 2004, 
Fredlund, Rahardjo et al. 2012). Throughout their studies they proposed methods to 
predict the SWCC using the grain size distribution of the material. Most of these 
methods were physico-empirical models; although (Arya and Paris 1981) presented a 
physico-empirical type model to predict SWCC based on grain size distribution, and 
then (Fredlund, Wilson et al. 2002) carried out another study to present a new 
approach to that model. In (Fredlund, Wilson et al. 2002) experiments, they assumed 
that the shape of the SWCC for glass beads could represent the shape of SWCC for 
uniform coarse particles, so these similar sized glass beads were used as one of the 
reference standards. However, the SWCC for very fine materials was estimated from 
the results of soil with an increasing amount of clay. Figure 2-16 shows the results of 
their studies. The glass beads and clay soil presented limited values for groups of 






Figure 2-16 Variation of SWCC according to particle-size distribution (Fredlund, 
Wilson et al. 2002) 
2.6.12 Hysteresis 
The soil water characteristic curve or water retention behavior varies depending on 
whether the soil is being dried or wetted (Rassam and Williams 1999), so for a given 
soil, two SWCCs could be identified. One SWCC could be obtained by drying a 
specimen during testing, while the other could be obtained by wetting the specimen. 
Figure 2-17 shows the difference in curves according to whether specimens were 
dried or wetted. The wetting curve plots normally fall below the drying curve, so 
(Pham, Fredlund et al. 2005) explained this difference; it is called the “ink-bottle” 
effect, and it is related to the existence of large pores that are connected through 
smaller pores in the soil. At a given suction during drying, some water may be 
trapped in the larger pores because higher values of suction must be exceeded to 




specimen, it is not as important when wetting. There is a variation between the 
wetting and drying curves at zero suction because of air entrapped during the wetting 
process. The effects of different contract angles obtained when the meniscus is 
advancing or retreating, and the chemical swelling/shrinking of soil minerals due to 
the presence of water are other explanations for this hysteresis. When estimating the 
soil property functions  (Fredlund, Rahardjo et al. 2012), it might be better in some 
cases to use an SWCC value in between the wetting curves and drying SWCCs (ie. an 
average). Figure 2-17 shows that an infinite number of wetting and drying curves can 
be defined for successive cycles of wetting and drying. The graph shows that as the 
number of wetting and drying cycles increased the hysteresis amplitude 
progressively decreased.   
 





3. GEOTECHNICAL PROCESSES OF THE 
ENVIRONMENT AND RELATIONSHIP TO 
ROOT SUCTION-FIELD STUDY 
3.1 General  
This chapter examines the field measurements and observations related to the 
temporal and spatial variations of soil metric suction close to a mature gum tree. The 
variations in the moisture content in the vadose zone were monitored using 
measuring sensors installed at different locations close to the tree. Samples of soil 
were tested in the laboratory to measure its mechanical and physical constraints, 
together with the Soil Water Characteristic Curve. The necessary climatic data were 
obtained from the Bureau of Metrology to investigate how climatic changes affect 
the variations in suction in vegetated ground.    
3.1.1 Site location and geological conditions 
A eucalyptus largiflorens tree 11 m high was the source of investigation in this 
research. The proposed site for geotechnical investigation is at Wollongong city 
located in the Illawarra region, 84 km from Sydney, New South Wales (NSW), 





Figure 3-1.  Location of the study site (GoogleMaps, 2016) 
3.2 Climate and hydrology 
Wollongong experiences an oceanic climate with mild winters of 17
o
C, and long hot 
summers with average temperatures of 26
o
C. During winter, Wollongong 
experiences thunderstorms that bring heavy rain and occasional hail.  
Bellambi town (34° 22' 0" S, 150° 55' 0" E) in the Illawarra region is the closest 
weather station to Wollongong (34° 26' 0" S, 150° 53' 0" E) for rainfall, temperature, 
and reading other weather conditions.  Rainfall is distributed fairly evenly throughout 
the seasons, ranging from 25.6 mm in January to 120 mm in June, with a yearly 




summer to 17°C during winter. The mean solar exposure ranges from 22 MJ/m
2
 in 
summer to 10 MJ/m
2
 in winter, and on an annual basis the average annual solar 
exposure is (15 MJ/m
2
). Figure 3-2 to Figure 3-4 shows consecutive graphs for the 
meteorological conditions used for the Wollongong area from 2009 until 2012. 
 







Figure 3-3.  Monthly maximum temperature data from 2009-2012 (data from Bureau 







Figure 3-4 Monthly solar exposure rate from 2009-2012 (data from Bureau of 
Metereology, 2014) 
3.3 Tree specifications 
3.3.1 Corymbia maculata  
Corymbia maculate, also known as Eucalyptus maculata (Spotted Gumtree), is an 
endemic Australian native tree. Eucalyptus maculata are the dominant species of 
open forest in southern New South Wales, in isolated populations in Victoria and 
south-eastern parts of Queensland.   Eucalyptus maculata is approximately 30 - 45 
metres high, with typical lance shaped leaves that grow up to 15 - 20 cm long and 2.5 
- 3.0 cm wide.  (Pook 1984) noticed that E.maculata responds to favourable growing 




soil but is commonly found on sandstone or shales; it can grow satisfactorily in a 
nutritionally poor soil, and the best development can occur on well-drained soils of 
moderately heavy texture that are derived from shales. Although E.maculata adopts a 
sunny position, it prefers well-drained sites on valley slopes or ridges if the soil is not 
too dry.  
Based on (Jaksa, Kaggwa et al. 2002) E. maculata has a deleterious effect in the 
vicinity of a single and a group of E.maculata trees, because they are located in 
expansive soils that become desiccated due to their demand for moisture.  According 
to (Smith, May et al. 2001) the root growth of E.maculata changes due to  soil 
compaction caused by vigorous seedlings, with the result that the physical properties 
of the soil increase in bulk strength and density (Heilman 1981).  
3.4 Site characteristics, field arrangements, and measurement 
Two similar mature gum trees were chosen in the university premises after observing 
many other potential field sites. The site was selected so that the root zone was far 
away from surrounding structures and other vegetation.  The necessary maps were 
examined to make sure there were no underground pipes in these areas. Two trees 
were chosen so that their combined effects on the variations in suction could be 
investigated because trees are generally found on both sides of rail and road 






Figure: 3-5 Distribution of spotted gumtree in south-east of Australia  
(Available at http://www.eranurseries.com.au/eucalyptus-mannifera-1)  
Water containing measuring sensors was installed at different depths and distances as 
shown in Figure 3-6, to obtain the variations of moisture and soil suction with the 
tree root zone. The sensors were monitored continually and the data were used to 










3.4.1 Field Measurement of Suction 
There are different kinds of direct and indirect methods that can be used to measure the 
field suction of unsaturated soil. Of those methods, tensiometers have long been 
recognised as the most accurate and commonly used method to measure suction, but 
since they only measure suction only up to 100 kPa, they were not suitable for 
measuring field suction which may be more than 100 kPa. Therefore, depending on the 
availability of funds and other factors, MPS 01 sensors (Fig 3-7) that can measure 
suction up to 500 kPa were initially used for the field experiments.   
The sensors were checked in the laboratory prior to installation, to ensure they were in 
good working condition. Despite being in good working condition, one sensor did not 
work for 2 months after installation due to problems with air entry suction.   
After discussing this problem with the providers (ICT International private limited), an 
indirect method was used to measure the variations in suction close to the trees. 10HS 
water content measuring sensors were used as field sensors to measure the variations in 
water content because the water content of a given soil is related to the suction of the 
soil with the (SWCC). Therefore, to convert the water content to the relevant suction, the 
SWCC must be known. The installation of sensors, measurements of the water content, 
and the laboratory experiments undertaken to obtain the SWCCs, are explained in the 





Figure 3-7.  MPS 01 sensor (Mendes and Valério Filho 2015) 
3.4.2 10HS Moisture Content Measuring Sensors 
The water content of the soil was determined with 10 HS moisture measuring sensors 
(Fig 3-8) .With a positive and ground electrode, an electromagnetic field is generated by 
rapidly charging and discharging into the soil. The charging time during the generation 
of an electromagnetic field is related to the capacitance (c) of the soil given by the 
following equation (3.1); 
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Where a series resistance is denoted by  , ( ,    and   ) are the voltage at time, the 




geometric factor, namely  .     is the permittivity of free space, and   is the dielectric 
permittivity of the medium between the capacitor. 
        (3.2) 
By measuring the charge time (t) of a 10HS moisture measuring sensor buried in the 
soil, the (C) of the soil can be determined. However, due to differences in the dielectric 
permittivity for soil minerals, air and water, the volumetric water content (Volume of 
water/volume of soil) of soil can be correlated with the charge time (t) of the soil, as 
shown in equation (3.1)  
 
Figure 3-8.  10HS Ssensor used in this study 
3.4.3 Installation of 10HS Sensors 
Normally, tree roots distribute up to the drip line so soil desiccation due to transpiration 




installed close to the tree at different distances and depths. Three sensors were installed 
close to a single tree and one was installed in between two trees to measure the 
combined effect of trees on suction; the control sensor was installed further away from 
the trees. 
3.4.4 Installation Method 
The first step was to dig a hole to install the sensor; these holes were excavated with 
augers to a depth at which the sensor was to be installed. During this process, core soil 
samples were taken from each location with a core cutter for laboratory experiments to 
obtain the SWCCs.  A 38 mm core cutter was used because the sample cup used in the 
dew point potentiometer (WP4) is 38 mm in diameter. Sensors were inserted into the 
undisturbed soil until the entire sensing portion of the 10HS was buried. Since the 
prongs had sharp tips, it was easier to push the sensors into undisturbed soil.  Some 
holes were backfilled with the same soil and a special steel tube was prepared in the 
laboratory to install the sensors and compact the back filled soil. A light beam was used 





Figure 3-9. (a – c) Installation of 10HS sensor in the field   
 
As Figure 3-9 shows, a plastic cup with a cap was used to house the remainder of the 
cable and the connecting rod. It was buried in the ground to a safe depth to minimise the 
risk of damaging the cup by grass cutters.  Readings from the 10HS moisture measuring 
sensor were obtained from a Hand-held ProCheck data logger (Fig 3-10). This Hand-
held ProCheck was used to read any soil moisture, check the environmental sensor, and 
monitor the volumetric water content of soil. Any problems related to installation (e.g. 
air pockets, rocks, poor sensor to soil contact, etc.) can be detected via the readout 
display. As well, the working condition of the sensors can be checked before repacking 




intervals. The variations of soil moisture were examined at each location and the results 
obtained from this field study is presented and discussed in next sections of this chapter.  
 
Figure 3-10.  Hand-held ProCheck used in this study  
3.4.5 Collection of Climatic Data 
It was planned to collect the daily weather parameters from the bureau of meteorology, 
temperature, humidity, wind, cloud and rainfall observations from Bellambi AWS 
{station 068228}, pressure observations from Albion Park (Wollongong Airport) 
{station 068241}, and cloud observations from automated equipment because they differ 
somewhat from those made by a human observer. Albion Park is about 25 km southwest 
of Bellambi (and 18 km from Wollongong), and the pressure there sometimes may be 
considerably different from Wollongong. The nearest site with sunshine or evaporation 





Disturbed and undisturbed soil samples were obtained from the field site to classify the 
soil and the necessary laboratory and field tests were conducted in accordance to those 
standards available. The soil parameters were then taken to identify the physical and 
mechanical properties. Sieve and hydrometer analyses were used to obtain the size and 
distribution of the soil following ASTM D422. Figure 3-11 shows the particle size 
distribution curve (PSD) obtained from the soil samples.  The soil consists of 6% sand, 





Figure 3-11.  Particle size Distribution Curve 
Soil plasticity based on Atterberg limits were determined using A.S. 1289.3.2.1 and 
1289.3.3.2. The water content and dry density were measured according to ASTM 
D2216 and the specific gravity was measured according to ASTM D854. The drained 
(effective) friction angle was measured according to a modified ASTM D2850 using the 





Table 3-1.  Properties of the soil measured 
Soil Property Value 
Liquid limit, LL(%) 28 
Plastic limit, PL(%) 22 
Plastic index, PI 6 
Cohesion, c (kPa) 18 
Friction angle, Φ (   17 
Specific gravity, Gs 2.67 
 
The soil classification charts classified the soil as Silty Clay (CL-ML) 
3.5 Laboratory experiments for SWCC 
To describe the hydraulic properties and understand the volumetric behavior of 
unsaturated soil, a relationship between the suction and the amount of water in the soil 
must be established; this association is commonly identified as the soil-water 
characteristic curve or SWCC. The desaturation process expressed by the SWCC can be 
separated into three zones which are; the boundary effect zone, the transition zone, and 
the residual zone. The first transition point represents the air-entry value (AEV) which 




pores. Before AEV has been exceeded the soil remains fully saturated and suction acts 
as an additional pressure. The second transition point represents residual suction where 
an increase in suction no longer produces a significant change in the amount of water in 
the soil. Typically, a combination of different experimental techniques was used to 
evaluate the SWCC over a large range of suction In this study for determining the SWCC 
of the soil, a combination of vapour/relative humidity techniques (WP4) and axis 
translation  (pressure plate) were utilised. 
3.5.1 WP4 for the SWCC 
WP4 is a laboratory bench-top instrument, where the Lexan sample drawer is used to set 
the round sample holder cup (usually of 4 cm in diameter and 1 cm tall). The sample 
chamber is sealed by closing the drawer and turning a knob. The water potential reading 





Figure 3-12 WP4 instrument used in this study 
This instrument can measure the water potential of a wide range of porous materials, 
with measurements ranging from (-0.1 to -300.0 MPa* with a resolution of 0.05 MPa); 
this WP4C can also measure a variety of plant materials, seeds, and also analyse soil and 
soilless substrate.  
In a closed sealed chamber, the measurement of the relative humidity of air above a 
sample surface determines the potential water value. Relative humidity is determined 
using a chilled mirror method where there is equilibrium between the sample surface and 




chilled and the water potential is determined by measuring the sample temperature and 
formation of dewpoints on the mirror, to an accuracy of 0.001
o
C. Because of its 
unparalleled accuracy, the WP4C stands out in delivering water potential readings for a 
large range of (-0.1 MPa to -300.0 MPa). In the laboratory experiment, a WP4 was used 
to determine the dry part of the SWCCs.  
3.5.2 Sample preparation for WP4 
The core samples taken from each location were cut into 38 mm diameter discs for the 
WP4. To obtain the SWCC for one location, three samples were removed from the core 
sample taken from that location. As Figure 3-13 shows, the samples were then placed 






Figure 3-13.  Sample used for WP4 
The weight of the sample cup was measured before measuring the sample with the cup. 
Care is needed during this process to minimise the loss of moisture.  If the samples are 
too dry or the suction is more than 1000 kPa, the moisture should be increased using a 
vacuum method. In this experiment, the initial suction was well below 1000kPa, the 
moisture content was not increased.   
After taking the initial reading of suction, the samples were kept in a temperature and 
humidity controlled room for drying, and within appropriate intervals the suction and 
relevant weight of each sample was taken until the suction reached a higher value. 
Finally, the oven dried samples were measured for obtaining the dry weight and the 
moisture content was evaluated subsequently for the relevant suction. The results of the 




3.5.3 Pressure plate 
In the previous section, the dry sides of the SWCCs were determined by the WP4 
instrument, so by using a suction measuring apparatus, the full curve of SWCC can be 
obtained by measuring the suction in the lower range (i.e. <1000kPa). To achieve this 
purpose a pressure plate apparatus was found to be suitable for measuring the suction of 
the soil in the range under investigation (Figure 3.14).  
A sealed pressure cell and a porous plate are the two main components of the pressure 
plate extractor. The porous ceramic plate can accommodate several samples inside the 
pressure extractor. Usually, a maximum soil matric suction of 1500 kPa (Fredlund and 
Rahardjo 1993) was applied while using a polymeric membrane. While outflow to 
atmospheric pressure was exposed, the pore water pressure (uw) in the specimen 
remained at zero. The desired matric suction (ψ) was achieved via axis translation where 
the air pressure (ua) inside the pressure cell is elevated.  At each level of matric suction 
the water content was defined by measuring (volumetrically or gravimetrically) the 





Figure 3-14.  Photograph of the pressure plate apparatus used. 
3.5.4 Soil water characteristic curve 
The SWCC obtained via the WP4 and pressure plate is shown in Fig. 3.15. An empirical 
model proposed by Fredlund and Xing (1994) was fitted to the experimental data to 
capture the SWCC over the entire range of suction. The adopted relationship is given in 
Eq. 3.3.  
   
  









where   is the volumetric water content,    is the saturated water content, and a, n, m  






 Figure 3-15.  Soil Water Characteristic Curve obtained via the expreiments and the 
fitting curve with  a = 1500,  m = 1.074  and  n = 1.2. 
The relationship between the volumetric water content and the soil matric suction 
obtained was used to convert the field measurements of water content into suction, as 
described in the next section. 
3.5.5 Field measurement of the variation of water content with depth  
The variations in the water content recorded in the field and the corresponding soil 
suction measured over a ten month period is shown in Figures 3-16 and 3-17. Here the 
moisture content in the root zone changed significantly with the time and the depth. 




















These variations were mainly due to climatic variations and root density distribution 
over the root zone. The water content increased with the rainfalls and then decreased 
rapidly due to root induced suction caused by evapotranspiration. For instance, in 
October 2012 the water content increased dramatically over a short period, indicating the 
occurrence of heavy rainfall, however, at deeper depths, changes in water content were 
smaller than at points close to the root zone. This indicates water uptake by the tree roots 
and is consistent with previous studies (Biddle (1998) and Fatahi (2007)) 
Moreover, the reduction in water content between the two trees after a rainfall episode 
was faster than for a one tree system; this indicates that in this location the root uptake 
areas had overlapped. Similar observations can be made for the suction profiles with 
time (Figure 3.16); for instance, the soil suction decreased dramatically after rainfalls 
and at depths of 0.5 m the rate at which suction increased was higher than at the other 
location, mainly due to evaporation at low depths. It is interesting to see how significant 
the combined effect of trees is on the increase in suction; a variation that clearly 
indicates how soil suction changes in vegetated ground. It is therefore important to 
consider matric suction when analysing the mechanical behavior of root reinforced soil. 
3.5.6 Relationship between suction, temperature, and solar exposure  
To identify the influence of key climatic parameters on the variations in soil suction 
discussed above, the corresponding data for temperature, rainfall, and solar exposure 




temperature, rainfall and solar exposure recorded during the field measurements for 
different depths are plotted in Figure 3-18 and 3-20.  
Figure 3.18 shows the relationships between suction, solar exposure, and temperature; 
they indicate that no apparent relationship between solar exposure, suction and 
temperature was shown by the random distribution of measurements. However, when 
analysing the variations in suction with respect to solar exposure and rainfall, the higher 
solar exposure values can be correlated for higher suction values and lower rainfall 
(fig 3.19). Moreover, at depths below 1.5 m in the region where the sensor is between 
two trees, the sinking cones of suction that occur with higher rainfalls are much smaller. 
This was expected because at deeper depths there would not be as much water 
infiltration, and where two trees are taking water up, the suction cone generated by 
higher rainfall would not be as significant as at depths of 1m or 0.5m.  The graphs 
plotted for the suction, rainfall, and temperature (Fig 20) revealed no noticeable 
correlation. The main reasons for discussing the above correlations are that rainfall and 
solar exposure are the two main climatic parameters that affect variations in the moisture 




































3.6 Estimation of potential transpiration (Tp) 
Potential transpiration has been identified as the key parameter which controls the 
amount of water extracted from the tree at a given time. The soil suction caused by 
the tree root induced suction is therefore governed by this parameter. The analytical 
models developed in past research (Fatahi 2007) to estimate the suction distribution 
in root zone have found that    is the most sensitive parameter on the suction. 
However, due to the complexity of calculating the variation of potential transpiration 
that depend on many different climatic parameters, previous research works have 
employed a constant average value in analysis instead of using the time variation of 
  . This section of the study explains a method to obtain the time variation of    
value based on the available climatic data and these estimated variations are 
employed in the numerical study presented in chapter 6 of this study. 
 The equation adopted from (Feddes, Kowalik et al. 1978) to determine potential 
transpiration from the reference evapotranspiration is as follows:  
            (3.3) 
Where     is the potential transpiration of a given tree (mm/day
-1
),     is the 
reference evapotranspiration (mm/day
-1
), and      is the Basal crop coefficient that 






Crop water requirements are generally determined by the pan evaporation, the 
Blaney-Criddle, or Penman-type methods. Penman-type methods are widely used in 
water resource planning and irrigation water management. Among them, the 
Penman-Monteith equation described in the Food and Agriculture Organization 
(FAO) is recognized as an accurate and useful method to estimate the reference 
evapotraspiration (Allen et al., 1998).  
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where the reference evapotranspiration is denoted by      [mm day
-1
], net radiation 




], daily air temperature T [°C], soil 




], wind speed at 2 m height    [m s
-1
], saturation 
vapour pressure deficit    [kPa], slope vapour pressure curve   [kPa °C-1], 
psychometric constant   [kPa °C-1]. 
The following set of equations explain the method to calculate each of the 
parameters, using the available climatic data, necessary to estimate the reference 
evapotranspiration describe in equation 3.4.  
Psychometrics constant ( ) can be calculated as, 
 
  
   
  













  is the atmospheric pressure [kPa], λ is the ratio molecular weight of water 
vapour/dry air = 0.622, and  ε   is the latent heat of vaporisation, 2.45 [MJ kg
-1
],  
The saturation vapour pressure  at a desired temperature is calculated by the equation 
below (Murray 1967): 
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where    (   is the saturation vapours pressure at an air temperature    [°C]. 
The daily mean saturation vapour pressure deficit es is estimated by averaging the 
saturation vapour pressure at e
o
 (Tmax) and the saturation vapour pressure at e
o 
(Tmin), 
as in Equation 3.8  
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 (3.8) 
The actual vapour pressure is calculated using the relative humidity    and the 
mean saturated vapour pressure   as shown in below equation, 
    
  
   
 (3.9) 
The slope of saturation vapour pressure Δ, is calculated using  
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where Δ represents the slope of saturated vapour pressure curve at an air temperature 
T [kPa °C
-1
], T air temperature [°C], 
The balance between incoming and outgoing radiation at the top of the atmosphere is 
called the net radiation or net flux    . Equation 3.11 used here to calculate the net 
radaiton. Fallowing set of equation explain the methodology adopted to calculate net 
radiation fallowing the methods explained in FAO penman-monteith method 
            (3.11) 
Where (Rnl) is the Net longwave radiation which is calculates using equation 3.12,  
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],      and       are the maximum and minimum absolute temperature during the 
24-hour period [K = °C + 273.16], and the vapour pressure is ea [kPa].  Stefan-








], and the relative shortwave 
radiation is Rs (calculated solar radiation)/Rso (calculated clear sky radiation).  
The net solar radiation     resulting from the balance between incoming and 
reflected solar radiation is represented by:  
     (       (3.13) 




], and the incoming 




].  α is the reflection coefficient, which 




The soil heat flux G compared to net radiation is very small, so it was neglected in 
this study. When the weather parameters are available the potential transpiration of a 
given tree can be estimated. The following figure shows the variation of potential 
transpiration of a gum tree by assuming 1 for the basal crop coefficient, because the 
basal crop coefficients available for most of the trees were between 0.8 and 1.1. The 
average monthly climatic data (Appendix D) of Wollongong was used to obtain this 
variation of potential transpiration.  
These variations of potential transpiration (Fig 3-21) shows how climatic changes 
influence the evapotranspiration characteristics of a given tree area at a given 
location. The above results are based on the average monthly climatic data for 
Wollongong. However, the method proposed here can be applied to any specific area 
once the climatic data are available. The time variation of potential transpiration 
predicted here is employed in the numerical model development detailed in chapter 6 






Figure 3-21.  Variation of Potential transpiration of a gum tree with Kcb =1 and the 










4. DEVELOPMENT OF PULLOUT MODEL 
4.1 Introduction 
The combination of soil and tree roots creates a resultant soil-root matrix mass which 
has a higher strength than either soil or the roots on their own. The root transfers the 
shear stress produced within the soil into tensile resistance in the roots as well as 
dispersing stresses through the soil ultimately eliminating the accumulation of stress 
build-ups and accelerating to failure. The scale of tensile resistance that a root can 
mobilize to prevent failure will be a measure of the total tensile strength of the root 
as well as its unique morphology, which contains the length of the root set within the 
soil (Gray and Sotir 1996) and its branching pattern (Riestenberg 1994). The 
capability of roots acting as anchors for dying failure is generally evaluated through 
pullout tests. The pullout strength is mainly governed by the interaction between tree 
roots and the surrounding soil. The shear strength mobilised in an individual root soil 
interface contributes to the ultimate shear strength of the root-soil matrix. Many 
different root and soil parameters influence the shear behavior of root-reinforced soil. 
This chapter presents the development of an analytical model to simulate pullout 
behavior; it incorporates important soil root parameters and equations based on a 
simplified cone shaped straight root system. The FORTRAN computer program was 
utilised to run the algorithms developed to analyse how different root and soil 




4.2 Simplified root system 
Mathematical modelling of larger trees is rather more complicated due to the 
morphological complexities encountered in larger tree root systems. (Danjon et al. 
2005). A simplified root system was used in this pullout model as the architecture of 
a real root is too complicated for an analytical solution. The simplified root system 
proposed here was modelled using straight root with constant diameters, and since it 
focused on mature trees with heart root systems, the simplified root system has a 
cone shaped plane. Since it can be assumed that a tree root system is axisymmetric, a 
2D root system for the pullout mechanism was modelled.  





Figure 4-1 shows the simplified straight root system used in this analytical model, 
where straight roots originated from the trunk and extended to the boundary of a 
cone shaped root zone that depends on the horizontal and vertical distance of a cone 
shaped root system. The angles between each root were assumed to be the same, and 
the angle will depend on the number of root defined for a given root system used for 
the analysis. 
4.3 The shear strength mobilised in an inclined straight root-soil 
interface. 
The shear strength mobilised in the root soil interface, the tensile strength of the root 
material, and the architecture of the root system, are the key factors that determine 
the pullout behavior of a given root system. Root failure occurs under tensile or 
shears stress, therefore if the tensile strength of a root material is less than the shear 
strength of the root soil interface, the root will be subjected to breaking under tensile 
failure. However, when the tensile strength is greater than the interface shear 
strength, the root will begin to slide after it reaches its maximum shear strength. It is 
therefore imperative that the shear strength between root and soil is estimated 
accurately so that the failure mode and pullout capacity of each root and root system 
can be identified. 
Fig 4-2 shows the cylindrical root element used in this model to estimate the shear 
strength of an inclined straight root. The shear capacity F of the root based on the 
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Where F represents the shear capacity of the roots,  (     denotes the shear stress 
mobilised in an infinitesimal area, and the radius and length of the cylindrical root is 
given by r and l, respectively.  
 




To estimate the shear strength mobilised in the root soil interface accurately under 
pulling forces, the vertical and horizontal stresses acting on the surface of an inclined 
root must be considered. With inclined roots, unlike vertical roots, vertical pressure 
does not act along a perpendicular plane to the root around the circumference, 
therefore the angles between the perpendicular planes and other important directional 
planes, as shown in Figure 4-3, are used here to calculate the stress component 
explained in following sections. 
 
Figure 4-3.  Different planes and angles used for the stress analysis 
The relevant angles between planes are used to find the force components acting 




considered. Based on the effective vertical stress     and the corresponding 
horizontal stress     the normal stress    and the shear stress component   acting on 
the infinitesimal area dA can be calculated using Eqs 4.2 and 4.3. 
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Using basic trigonometric relationships and the planes used for the stress analysis, 
the following relationships between angles were derived to reduce the complexities 
of the model. 
               (4.3) 
                (4.4) 
                    (4.5) 
               (4.6) 
These geometrical relationships and Equations 4.2 and 4.3 were used to derive 
Equations 4.6 and 4.7for the normal and shear stress component in terms of the 
inclination angle   and the angle along the cross section   of the cylindrical root (Fig 
4-3).  
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The normal and shear stress components at the     plane should comply with the 
results obtained from the Mohr’s Circles theorem, which can be used to find the 
normal and shear stress components acting on an inclined surface due to vertical and 
horizontal stresses acting on the surface. 
When     the equations for the normal stress     (Equation 4.8) and shear stress 
component   (Equation 4.9) can be derived by incorporating Equations 4.6 and 4.7 
as: 
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Equations 4.8 and 4.9 show that the equations derived for the normal and shear stress 
component acting on the root at a given point satisfies the stresses calculated using 
the Mohr Circle theorem for  = 0. 
Fig 4-4 shows the variation of the normal and shear stress components acting along 
the circumference of an inclined root at a given level that was estimated using 
Equations 4.6 and 4.7. In an inclined root, the stress components at a given depth 
change significantly along the circumference of the root, unlike vertical roots where 
the stresses are similar at a given depth. The stress distributions derived for inclined 




mobilised by an inclined tree root; this is important for predicting the ultimate 
pullout capacity of each root. 
 
Figure 4-4.  Distribution of normal and shear stress over the circumference of the 
root. 
4.4 Shear Strength of unsaturated soil interfaces 
When structures interact with unsaturated soil the stress is transferred through a 
contact zone that is referred to as the unsaturated interface and whose behavior is 
important when analysing civil engineering structures that interact with unsaturated 
soils (e.g. the foundations in unsaturated soil, unsaturated backfill in retaining walls, 
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interaction problems are mainly governed by the behavior of the soil-structure 
interface.  
When estimating the ultimate pullout capacity of a root system, the shear strength 
mobilised in the contact zone is very important because it influences the pullout 
capacity of individual roots whose failure mode is governed by the shear strength of 
the interface. The analytical model developed in this study focuses on estimating the 
pullout capacity of reinforced roots in unsaturated soil, and therefore the shear 
strength of this interface is considered in the model. In this study the shear strength 
of the soil-root interface is calculated using the equation proposed by Hamid and 
Miller (2009),  
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where   is the shear stress on the failure plane at failure or the shear strength,     is 
the adhesion intercept for the interface,   is the soil matric suction,   is the interface 
friction angle with respect to net normal stress,    denotes the normal stress acting 
on the failure plane,    q is the existing volumetric water content,    is the residual 
volumetric water content from a soil-water characteristic curve (SWCC), and    
provides the saturated volumetric water content from an SWCC. 
To estimate the total shear strength developed in the infinitesimal interface area the 
shear stress component   is added to the shear strength that is calculated using the 
relationship between the unsaturated soil-root interface and the shear strength. 
Therefore the ultimate shear strength mobilised at the infinitesimal area considered 
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Where  (     is the shear strength developed in the infinitesimal area considered at 
distance x from the trunk point and at angle   along the cross section of a root with 
an inclination angle of  . (Fig 4-2) 
Substituting Equations (4.6) and (4.7) in to Equation (4.11) gives, 
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Rankine lateral earth pressure theory (Whitlow 1995) is used here to estimate the 
horizontal stress corresponding to vertical stress. The relationship between horizontal 
earth pressure and the effective vertical stress can be written as:  
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Where    is the earth pressure coefficient at rest. 
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Equation 4.14 can be used to derive the shear strength at a distance x from the trunk 
point by incorporating the operation of integration as follows:  
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Equations (4.16) to (4.17) show the integration steps carried out. 
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Equation 4.16 is deduced to: 
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Vertical stress can be related to the vertical distance between the point of interest and 
the ground surface and the effective unit weight   of the soil, as shown in the 
following Equation (Equation 4.18) 
   
           (      
where,         term represents the vertical distance.  
Substituting Equation (4.18) into Equation (4.17) and integrating over the length of 
the inclined root will give the ultimate shear pullout capacity of a root inclined at an 
angle of  . The integration steps are presented in Equations (4.19) and (4.20).  
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(4.20) 
Equation 4.20 describes the shear capacity or the pullout capacity of an inclined tree 
root where the inclined root depends on the soil parameters, the properties of the root 
soil interface, and the diameter and length of the roots. The model developed here for 
the shear capacity of an inclined tree root can be validated theoretically by checking 
the case for vertical roots, where the angle of inclination becomes zero. 
Figure 4-5 shows vertical cylindrical root with horizontal earth pressure acting on it. 
The pullout capacity of this vertical root can be found by integrating the shear 
strength caused by horizontal stress acting as normal stress to the infinitesimal area 
considered.  
 








The pullout force of the vertical root can be obtained from the following equation 
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The Equation 4.21 can be deduced to,  
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Substituting     in to Equation 4.20, which is the model developed for the inclined 
root, gives,  
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Equation (4.23) complies with Equation (4.22) and the result shows that the model 




4.5 Modelling the pullout force-displacement behavior of a 
simplified root system 
 
Figure 4-6.  Root system used to simulate the pullout behavior 
In this development it was assumed that tree roots deform elastically linear until the 
roots pullout from the soil or break under tensile failure. This failure mode is 
determined by the size of the pullout capacity of each inclined root and the tensile 
strength of the root material.  When root displacement increases, the tensile force 
generated in the root increases linearly by following Hooks’ law of elastic theories, 
but if the tensile strength is greater than the pullout strength of a given root, it will 
pullout of the soil when the maximum tensile force mobilised in the root reaches the 
pullout capacity of the root; however a root can break before pulling out if the tensile 
strength is lower than the pullout force. 
 The tensile force mobilised at a given displacement of the pullout force can be 
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Where    is the tensile force generated at a given longitudinal displacement of   , 
  is the elastic modulus of the root material,   is the diameter of the root, and   is 
the length of the root at inclination angle of   . 
The longitudinal displacement of a root can be related to the vertical displacement of 
the root block as, 
           (4.36) 
Substituting Equation 4.36 in to Equation 4.35 gives: 
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Considering the equilibrium condition of the root system, the pullout force of the 
whole system   at a given displacement   can be expressed as, 
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Based on this derived relationship an algorithm was developed to estimate the 
pullout behavior of a simplified root system. In this development the complexities of 
experimental program needed to validate the model and the algorithm, considered 
roots with the same diameters and lengths. Therefore Equation 20 was used to 











4.6 Parametric study 
A parametric study of the proposed analytical model demonstrates the behavior of 
the pullout force vs. Displacement curves under the influence of different soil and 
root parameters. FORTRAN codes (Appendix A) were developed based on the 
algorithm shown in fig 4-7 to analyse the pullout behaviour under different 
conditions. Fig 4-8 shows how the length of an individual root used in the simplified 
straight root system influenced the pullout behavior. As expected, the global stiffness 
of the root system decreased slightly with the increase of length, while the pullout 
capacity increased. Equation 4.38 explain how the slope of initial straight portion of 
the pullout force depend on the length, diameter and the elastic modulus. The length 
is the parameter decrease the slope according to this theoretical relationship 
developed. However, the pullout capacity of each root increases due to the increase 
of the surface area (Eq 4.20). It can be notice that the increase of the pullout capacity 
is significant when compare to the changes of the stiffness of the given root system. 
The diameter fallows the same trend like the root length, however it increases the 





Figure 4-8.  Pullout behavior predicted for different lengths 
 





Soil cohesion and the matric suction controls the pullout capacity of a root-soil 
composite material (Fig 4-10 to 4-11), because the maximum pullout force of 
individual roots is governed by suction and cohesion for a given root system. 
However, soil suction has a greater effect on the pullout capacity than cohesion.   
 
 



















Figure 4-13.  Pullout behavior predicted for different root elastic modulus values 
 
Figure 4.14 shows the contours of the pullout force obtained for different root fibre 
analogue diameters, length and suction for the simplified root system considered for 
the development of the analytical model. It can be observed that the pullout capacity 
increases proportionally with root diameter and length but a different rates, which is 
mainly associated with an increase in the shear surface area, albeit more sensitive to 
an increase in length. Furthermore, the variation of root fibre diameter and length 




suction values. This is not surprising as the interface shear strength between the root 
analogue and soil depends on the surface area around the roots (diameter and length 
variation) and soil matric suction (Equation 4-12). 
Figure 4-14.  Pullout behavior predicted for different suction values 
The model developed here can be used for the saturated soil conditions which are 
often encountered in many engineering designs and construction.  The input of zero 
suction into the algorithm developed in this proposed analytical model will enable 
the pull out behaviour of simplified root system to be obtained under saturated soil 
conditions. As an example, Figures 4-11 show the pull out behaviour of saturated 
soil with zero suction where the pull out strength is very low compared to 







5. LABORATORY EXPERIMENTS AND MODEL 
VALIDATION 
5.1 Introduction 
This experimental series aimed to identify the pullout behavior of a simplified root 
system modelled in the laboratory using root analogues made from fibrous ropes, and 
then tested under the influence of metric suction.  A custom made wooden box was 
designed to accommodate the reinforced soil and the INSTRON pulling frame was 
used to carry out the displacement-controlled pull -out test series. The test was 
conducted at various soil matric suction values and for different root diameters and 
lenghts.  
All the specimens were prepared by compaction so that a pre-selected dry unit 
weight could be attained for all tests (equivalent to the field dry unit weight 
measured on site). The dry unit weight of the soil remained constant for all the tests, 
while the water content varied so that a similar compaction induced soil structure 
could be obtained, and hence a unique Soil Water Characteristic Curve could be used 




water content, a change in the initial matric suction of the soil could be achieved. A 
series of tests were carried out to obtain the expected results and investigate how soil 
suction affects the interaction between soil and the modelled roots. The experimental 
results were used to validate the analytical model proposed in this research. A 
detailed discussion of the experimental program and model validation is presented in 
this chapter. 
5.2 Equipment and Methodology 
5.2.1 General 
Figure 5-1 is a schematic diagram of the test box and setup for testing. The test box 
was designed to meet the following objectives:  
i) To model a root reinforced soil using root analogues in the laboratory. ii) To 
investigate the pullou tbehavior of root reinforced soil under unsaturated conditions. 
The test box was 500 mm long × 250 mm wide × 300 mm high, as shown in Figure 
5-1, it was made from 500 m thick plywood to ensure it would be rigid enough to 
cope with the compaction of soil and the pullout test using the ISTRON pulling 
machine.  The materials used to construct the box were firm enough to act as an 











5.2.2 Details of equipment 
The key features of this equipment are as follows: 
In the replicated tree roots pullout scale model adopted in this study, a simplified 
root system is used, as the real mature trees with heart root systems architecture 
exhibits a complex pattern (Figure 5-2). A cone shaped simplified straight root 
system was modelled using the spectra fibrous ropes. A wooden box was used to set 
up the root system and compact the soil. The root system was modelled in a two 
dimensional plane using straight roots having the same lengths and diameters. 
Straight roots linked through the trunk point and extended up to the boundary of the 
cone shaped root zone. 
 





To hold the ropes straight and within the desired cone shaped 2D plane, 0.5 mm 
nylon threads were used. The threads were attached to the end of the each rope and 
pulled through 1 mm holes drilled into the wooden box and then tightened outside 
(Figure 5-1). After compaction, the remaining threads outside the box were cut off to 
prevent the threads from being jammed at the bottom of the pullout box during the 
test, which could lead to larger pullout values. The contribution made by the 0.5 mm 
nylon threads with very low friction on the ultimate pullout capacity of the root 
system was ignored in this experiment. To avoid any boundary effects during pullout 
testing, a distance of 5.5 times the diameter of the nail should be  maintained (Yin 
and Su 2006).  
Steel plates 10mm thick were used as a connector to hold the ropes in place during 
the pulling test Figure 5-3.  A nut and bolt system was used to tighten the steel plates 
to stop the root system from slipping during pulling because it would cause 
significant errors to the final results of the pullout capacity.  
A series of trials were carried out to determine whether there was any slipping within 
the connector and finalise an appropriate mechanism for tightening the root system. 
The bottom of the box was connected to the lower frame of the INSTRON machine 





Figure 5-3.  Steel plates with thickness of 10 mm were used to design a connector to 





Figure 5-4.  Image of the Instrumental set up in INSTRON pulling machine 
5.2.3 INSTRON Machine  
A universal (50 or 100 tonne) capacity servo-controlled Instron Testing Machine was 
used performing the pull- test (Fig 5-5). The pull test on silty loam was done in 
accordance with the Australian Standards for tensile tests No AS 1391. A typical pull 
test arrangement with the special wooden pullout box is shown in Figure 5-4.  The 
wooden box was placed between the two large grips of the testing machine and then 
loaded in tension. A sample was loaded with a computer controlled loading at a 
constant rate until it failed. The load and displacement values were monitored in 





Figure 5-5.  Image of the INSTRON machine used for testing 
5.3 Material Selection  
5.3.1 Soil  
The soil needed for the laboratory pullout tests was taken from the same field site 
used for the field investigation part of this project. The properties of the soil (Table 





5.3.2 Root analogue (spectra fibres) 
To simulate fibrous tree roots with higher elastic moduli, polyethylene spectra fibre 
was used in experimental part of this project. Fibres of different lengths and 
diameters were used to determine how the root architecture affects the pullout 

















Figure 5-6.   Image of SPECTRA fibres used for the experimental program 
Spectra® is a high strength synthetic polyethylene fibre produced by Honeywell 
using ultra high molecular weight polyethylene (UHMWPE) in a gel-spinning 
technique. It has an ultra-high strength to weight ratio such that its strength is fifteen 
times greater than steel. Spectra is impervious to substances such as water and acids, 
it has high level of UV resistance and cannot be affected by the development of 




dielectric coefficient, superlative damping qualities for vibration, stun, and affect, 
and misfortune digression. 























HT-300 3.7e-05 39.5 1100 2.9-3.7 11.7934 26849.5 
5.4 Compaction method 
Choosing the best compaction methodology to obtain the desired dry unit weight of 
soil was challenging because the soil had be compacted in a wooden box while 
keeping the root analogues aligned. Soil is usually compacted by rolling or 
mechanical means to increase its dry density by packing the particles close together, 
and as  the moisture content increases, the grains are easily compacted.  The different 
compaction techniques available were examined carefully before the technique used 
in this experimental work was chosen.  
The three common methods of compaction are dynamic compaction, static 
compaction, and compaction by vibration.  Oloo and Fredlund (1996) suggested that 
if soil is compacted statically to the same dry unit weight, a similar soil structure 




where a steady monotonic force is exerted to compact the soil, so in this instance soil 
was placed inside a container and a piston was used for compaction.  
The selected dry unit weight, equivalent to the field dry unit weight, could be 
achieved by considering the dimensions of the wooden box used, such that the 
volume of soil needed for a certain level of compaction with a selected water content 
could be calculated using the following equations, 
 
    (     
(5.1) 
  represents the unit weight of soil and    represents the dry unit weight, and the 
water content is denoted by  . Therefore Eq. 5.1 can be modified to obtain the mass 
of soil required for compaction as,  
      (     
(5.2) 
 Where W is the weight of soil and V is the volume of the box used for the 
compaction. 
The dry unit weight for all the pullout tests was 12.62 kN/m3. 
The water content used for testing corresponded to a wide range of soil suction (e.g. 
SWCC shown in Figure 3-15) to mimic typical site conditions (e.g. rainfall and 
drought periods). The water volume needed for the desired water content of soil was 
added to the dry soil and mixed with a soil mixer. A series of preliminary mixing 
was carried out to identify the optimum portion of soil and water needed to reach a 
well- distributed moisture content. During this trial testing, samples were taken 




values were then used to check any variations in the water content of mixed soil. 
After each batch of soil was mixed, it was wrapped in polythene bags and left 
overnight in a controlled temperature (22±2
o
C) and humidity (61% - 63%RH) 
environment. After the soil reached equilibration it was then used for the pullout 
tests.  
Soil was placed into the wooden box and compacted with a 6.5 kg manual compactor 
into 150 mm thick layers.  This process was used for all the layers in the test box. As 
Figure 5-7 shows, a compaction hammer and steel plate arrangement was used to 
effectively and efficiently compact the layers of soil. A series of preliminary 
compaction tests were carried out to identify the cycles needed to obtain the desired 
dry unit weight of soil. After each test the consistency of the dry unit weight over the 
compacted soil block was verified using samples taken from different locations. For 
evaluating the dry density of the soil samples, the core cutter method was utilised; it 
could be measured once the weight, the internal dimensions of the core cutter, 
including the weight of the soil inside it were known. Then the dry density could be 












Figure 5-8.  Compaction process (a) Calculated amount of the soil is filled evenly prior to the compaction (b) compaction is done using 





5.5 Suction measurements 
 
As mentioned earlier, the soil water characteristic curve acquired for the same soil 
was employed in this experimental part of the project. During this series of pullout 
tests the dry unit weight of soil remained constant while the water content varied 
because a similar induced compaction soil structure could be achieved (Oloo and 
Fredlund, 1996), and hence a unique SWCC (Figure 3-15) could be used to estimate 
the suction values. 
After each experiment, samples were taken randomly from different locations and the 
average water content was measured. These values were transformed to a equivalent 
soil matric suction making use of the SWCC model proposed by Fredlund and  Xing 
(1994) to determine whether the desired suction was achieved during the pullout test. 
A small tip tensiometer was used for measuring suction at lower range, while a WP4 
instrument was used for higher range suction to ensure the values taken from the 
SWCC were reasonable. A series of tests were carried out to maintain a constant 
suction throughout the block of soil, and then the average suction was then taken as 
the final suction.  The loss of moisture from the upper surface of the soil during the 
testing was ignored in this study because it would have a minimal effect on the 
ultimate pullout results.   
To avoid undue influence of moisture and suction parameters with time, all test were 
conducted in a controlled environment (i.e. temperature, 22 ± 2
o




- 63%RH). The simulated root system was pulled out at a constant rate of 
displacement of 2mm/min, as suggested by Docker, 2003) 
The pullout behavior of the root systems adopted was checked for repeatability. 
Figure 5-9 shows a the results of two identical tests conducted at the same as-
compacted suction (i.e. 100 kPa), fibre diameter (4 mm) and length (200 mm) and 
same displacement rate of 2 mm/min. Although the behavior was not exactly 
identical, i.e. peak pullout force was reached at different axial displacement values; 
the overall pullout behavior (peak and ultimate states) is very comparable.   
 
Figure 5-9.  Pullout force-displacement curves for the tests having the same initial 
suction and fibre diameter and length. 
 

























Fiber diameter = 4 mm
Fiber length = 200mm




5.6 Analysis of pullout testing result  
Seven pullout tests were carried out to study how soil suction, root diameter and root 
length affected the pullout behavior of the modelled root system. Each test was done 
under a constant strain rate of 2 mm/min while the computer connected through the 
data logger was used to gather a series of pullout data necessary for plotting. The 
testing program is presented in table 5.2, while the results of the force displacement 
curves are presented and analysed in detail under this section. 


























1 4 200 21.05 12.62 100 128 
2 4 200 19.95 12.66 500 567 
3 4 200 18.26 12.59 1000 986 
4 6 200 19.95 12.67 500 578 
5 8 200 19.95 12.63 500 549 
6 4 150 19.95 12.58 500 558 




5.6.1 Effect of soil suction  
Figures 5-10 shows the pullout force variation with axial displacement for different 
levels of as-compacted suction, while the fibre diameter and length adopted is the 
same, 4 mm and 200 mm, respectively. As expected, the ultimate pullout capacity of 
the root system is significantly influenced by the initial soil matric suction. In general, 
all specimens showed a peak followed by a decrease in shear stress before 
subsequently attaining a relatively constant value, although this behavior is more 
evident in the test having the lowest initial suction (i.e. 100 kPa). Furthermore, while 
the stress-strain behavior is predominantly strain-softening, the post peak drop in 
pullout force is more significant in the test conducted at a higher suction. This 
indicates that while the initial as compacted suction influences the peak pullout 
mobilised, due to the increase of the average shear stress mobilized in root soil 
interface, once that value is exceeded the pullout resistance decreases dramatically 
(peak of 5.3 kN to less than 1 kN for initial suction of 1000 kPa). In other words, the 





Figure 5-10.  Pullout force-displacement curves for the tests having different suction 
values, while fibre diameter is 4 mm and length is 200 mm 
5.6.2 Effect of root diameter  
 The influence of the root fibre diameter on the pullout behavior can be observed in 
Figure 5-11. Similarly, all specimens shown a predominately strain softening 
behavior and the pullout capacity increases with the fibre diameter, but unlike the 




relatively independent of the root analogue diameter. This is not surprising as once 
the pullout capacity is exceeded is it likely that the surface area of fibre governs the 
ultimate states. As the surface area is governed predominately by a variation in the 
fibre length, its influence is not apparent for the variation of fibre diameter considered 
(i.e. 4 to 8mm). In addition, the peak values are achieved at approximately the same 
axial displacement, indicating the pullout mechanism is relatively independent of the 
fibre diameter; only the peak states are affected.  As expected larger diameter yields 
larger pullout force due to the increase in surface area between the root and soil with 
the diameter, i.e. the larger contact area the larger shear strength mobilised.  
 
Figure 5-11.  Pullout force-displacement curves for the tests having different diameter 





5.6.3 Effect of root length  
The role of the root analogue fibre length on the root system pullout behavior is 
shown in Figure 5-12. As expected for larger root analogue fibre lengths, a larger 
pullout capacity is obtained, due to an increase in root surface area. The ultimate 
states dependency on the fibre surface area is also clearly illustrated in Figure 5-14. It 
can be observed that for root fibres having smaller lengths the ultimate state is 
achieved at a much smaller axial displacement (e.g. 130 mm and 280 mm for fibre 
lengths of 150 mm and 300 mm, respectively) 
 
Figure 5-12.  Pullout force-displacement curves for the tests having different fibre 





5.7 Validation of analytical model  
The predictions based on analytical pullout model are also plotted in Figure 5-13 to 5-
15. It can be observed that the model predicts the peak pullout force mobilized with 
reasonable accuracy for different axial displacements, despite showing some 
differences in the post-peak response. In addition, prediction accuracy seems to 
increase for larger suction values and larger fibre diameters. It should be noted that 
the effect of changes of soil structure at the soil-fibre interface are not considered. 
These may also justify the differences in post peak behavior obtained.  
The pullout capacity of the soil-root analogue system may be evaluated considering 
the peak pullout force and active surface area of the fibres. Figure 4-14 shows the 
contours of the pullout force obtained for different root fibre analogue diameters, 
length and suction for the simplified root system considered for the development of 
the analytical model. It can be observed that the pullout capacity increases 
proportionally with root diameter and length but a different rates, which is mainly 
associated with an increase in the shear surface area, albeit more sensitive to an 
increase in length. Furthermore, the variation of root fibre diameter and length seem 
to have a much larger importance in the maximum pullout capacity for large suction 
values. This is not surprising as the interface shear strength between the root analogue 
and soil depends on the surface area around the roots (diameter and length variation) 






Figure 5-13.   Comparison of Pullout force-displacement curves for the tests having 









Figure 5-14.  Comparison of Pullout force-displacement curves for the tests having 








Figure 5-15.  Comparison of Pullout force-displacement curves for the tests having 
different suction values, while fibre diameter is 4 mm and length is 200 mm 
 
The analytical model assumed a perfect and evenly distributed contact between the 
soil and root during the pulling force, but during the experimental pullout test there 
could be some locations on the surface of the roots where root-soil contact was not 
perfect; even though proper compaction was carried out it was practically impossible 




disparities between the pullout behavior predicted by the model and outcomes from 
laboratory pullout testing. Furthermore, the loss of moisture in the test due to 
evaporation can cause minor changes to the soil suction and to the final result.   
Typically, there was always a substantial difference in the post peak behavior 
estimated by the model and from the experimental data in all testing conditions; 
mainly due to bending stresses in the roots at larger displacements that were not 
considered when developing the model. However, the post peak difference was less 
apparent for higher suction values because when the suction is higher (unlike at lower 
suction), the particles of soil adhere to each other and the capillary stresses between 
them affect the fibre itself.  As discussed previously in the chapter describing 
development of the pullout model, the experimental data indicates that suction 









6. NUMERICAL MODELLING OF THE STRESS- 
STRAIN BEHAVIOR OF UNSATURATED SOIL 
REINFORCED WITH ROOTS  
6.1 Introduction 
An approximate numerical approach is the most suitable way of solving a coupled 
flow-deformation problem because formulating an explicit solution for highly non-
linear differential equations is complex and time consuming. Since the finite element 
method (FEM) enables multi-phase flow problems to be analysed via approximation 
methods, it was used here to solve the appropriate governing differential equations 
that will be presented and discussed later. 
This chapter describes the fully-coupled flow-deformation model for tree root 
reinforced unsaturated soils. The theories of elasticity and plasticity with effective 
stress concepts for unsaturated soils considered as a continuum incorporated in FEM 
is the basis on which deformation in the model of soil reinforced by roots was 
analyzed.  The model considered how root reinforcement and root induced suction 
affected the deformation of ground close to a mature tree. The ABAQUS finite 
element code with relevant soil and root parameters was used to solve the flow and 





6.2 Effective stress of unsaturated soils 
Soil is a porous material which consists of one solid and two fluid phases, i.e.,  air and 
water.  Multi-stress porous media can be converted to equivalent single-stress states 
using the effective stress principle that allows the application of basics of continuum 
solid mechanics to deformable porous media containing fluids. 
Terzaghi’s effective stress principle can be understood as follows; 
(i) Changes in the volume and shear strength of soil are attributed exclusively 
to changes in effective stress, and by assuming that water is 
incompressible and cannot sustain shearing stress (i.e. zero shear strength) 
(ii) The effective stress    
 , in soil is defined as the excess of the total applied 
stress    
 , over and above the excess pore water pressure u. 
Figure 6-1 shows the soil element as a porous medium in a matrix that contains the 





Figure 6-1.  Three-phase porous medium of soil  
The theory of elementary effective stress utilised in this study to analyse the behavior 
of unsaturated soil can be stated according to Bishop (1959) as: 
               
              (                                                                             (     
Where    
  denotes the effective stress of a specific point on the solid skeleton 
     is defined as the total stress in the porous medium at the specific point 
ua denotes the pore air pressure 
uw is defined as the pore water pressure 
    is Kronecker’s delta (   ij = 1 when i = j and    = 0 when i   j ) 
  is the parameter of effective stress which achieve a value of unity for saturated soils 




The term (ua − uw) is known as the matric suction of unsaturated soils, while the 
quantity |                   |is an equivalent pore pressure term related to the 
effective stress.  
Conventional effective stress theory cannot by itself explain the associated plastic 
deformation in an unsaturated soil, or the mutually exclusive relationship among   
and the extent of saturation. Yet, according to studies by Loret and Khalili (2000) and 
Khalili and Loret (2001), by expressing the yield surface as a specific function of 
matric suction, the plastic deformation such as collapse can be explained in terms of 
an effective stress perspective. Despite this, collapse and dilation even in saturated 
soils is difficult to explain using the effective stress concept alone, without an 
appropriate plasticity model that governs the correct strains (Khalili et al. 2004).  
The uncertainty of the value of   (Equation 6.1) is a concern because it depends on 
many features such as the scale of saturation, soil type, and the effects of hysteresis. 
However, Khalili and Khabbaz (1998) obtained a unique relationship by plotting the 
value   against the ratio of matric suction over the air entry value or suction ratio, 
thus,  




    
     
                           
                                                                             (     
In the above equation    is the matric suction, and    is the matric suction expressing 
the changeover between states of saturated and unsaturated. 




for drying. For finding the air expulsion and air entry values related to soil structure, 
The soil water characteristic curve or SWCC (Fig 6-2) is used. 
 
Figure 6-2 Schematic illustration of soil water characteristic curve  
The finite element code ABAQUS used to develop this model assumes that parameter 
  equals the degree of saturation (ABAQUS 6.13), so to reduce the complexities 
associated with writing user SUBROUTINES to include this relationship (Equation 
6.2), the inbuilt relationship in ABAQUS between the effective stress parameter and 
degree of saturation has been adapted in this study. 
Theoretical similarities between the effective stress for partially saturated soils and 
the effective stress for saturated soils, exist in the following form. 
(i) A volumetric change (compression or dilation) or a change in the shear  




(ii) The effective stress (    
 ) in a partially saturated soil is defined as the 
excess of total applied stress (    ) over the equivalent pore pressure, 
|                   | 
A constitutive model was developed by Fredlund and Morgenstern (1977) based on 
independent stress state variables that took in to account the parameters; the total 
stress tensor, and the air, water, and pressure as independent features. However, this 
stress model requires a  lot of time and expensive laboratory testing procedures to 
determine the required soil parameters, and furthermore, plasticity or yield models for 
saturated and unsaturated soils must be incorporated into a complete stress-
deformation analysis via a numerical scheme such as FEM to analyse real life 
problems.   In this context, this model therefore considered the theory of effective 
stress (Equation 6.1) together with the saturation and effective stress parameter 
relationship adapted in ABAQUS.   
6.3 Flow equation for the wetting liquid in a porous medium 
Fluid flow in a porous media can be expressed using the Darcy’s law as,  
           ̅                                                                                                                     (      
where  ̅ vector for flow velocity  
                                




  is the total potential or the hydraulic head 
Darcy’s law is generally used to study flow in saturated conditions, but it can be used 
in partially saturated flow conditions when the hydraulic head or the water pressure is 
estimated based on the capillary forces in pore water. According to Philip (1969) 
using three components the hydraulic head or the total potential of water can be 
described as follows; 
                                                                                                                        (      
  Where   is the soil moisture potential or the suction 
  is the elevation which represents the gravitational effect 
  is the overburden pressure 
Potential head based on the water pressure can be expressed as, 
                
  
   
                                                                                                         (      
Where    is the pore water pressure, g denotes the gravitational acceleration, and    
is the density of water.  
Equation 6.5 is the flow principal utilised in ABAQUS, hence this inbuilt flow feature 




6.4 Permeability  
According to Brooks and Corey (1964), the coefficient of soil permeability (k) can be 
defined as follows; 
               (    
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  (      
]                                                                                              (      
In the above ks (e) s is the saturated coefficient of permeability estimated based on the 
Kozeny- Carman Equation where:  
Se is the effective degree of saturation,  
Sr is the degree of saturation,  
(Sr) res is the residual degree of saturation,  
  is the slope of the soil water characteristic curve on a log-log plot 
(                          
The following semi-empirical formula for forecasting the saturated permeability of 
porous media was developed by Kozeny (1927, 1928) and Carman (1938, 1956), 
hence the commonly used Kozeny-Carman principle where,  
            (   
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  is the unit weight of the fluid 
μ is the viscosity of the fluid 
Ck−c is the Kozeny- Carman empirical coefficient, which is suggested to be 
equal to 5.0 (Carman 1937) 
S0 is the specific surface area per unit volume of particles 
e is the void ratio of the porous media. 
Cpapuis and Aubertin (2003) proposed a method to estimate the specific surface area 
based on the Liquid Limit (LL) of soil where,  
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 and where S is the specific surface area in m
2
/g of solids, and LL is a percentage.  
Therefore the specific surface area S0 can be estimated using the equation 6.7b that 
incorporates the dry unit weight of soil. 
6.5 Use of ABAQUS finite element code 
ABAQUS provide two common approaches to solve the coupled fluid flow 
/deformation governing equations;  
(i) The staggered approach: 




equations) are used first and then the output is used to solve the last 
equation. The results are then fed back to the first two sets of equations to 
inspect any changes in the solution. This process is carried out until 
succeeding iterations produce negligible changes in the subsequent results.  
(ii) The direct approach:  
Where the coupled flow-deformation system is solved directly; its main 
advantage is rapid convergence, even in highly non-linear cases.  
ABAQUS is a finite element program used for analysing and evaluating non-linear 
engineering problems and the coupled pore fluid stress of a partially saturated soil. It 
utilises a direct approach by defaulting for solving highly non-linear differential 
equations that are, however, if a time integration operator and iterative solutions of 
the basic equations form a nonsymmetrical time step, the subsequent lack of 
symmetry may result from changes in the geometry, the influence of voids ratio on 
permeability and changes in saturation (hence, pore water pressure), and the 
incorporation of fluid gravity load terms in total pore pressure analysis. The non-
symmetrical solving technique was utilised in this specific study. 
The ABAQUS input file includes afore mentioned permeability equations in 
combination with the soil water characteristic curve, and it also facilitates an  analysis 
of porous media in two specific stages; 
(i) Geostatic - for examining and adjusting the initial conditions defined for 
the steady-state equilibrium of ground under geostatic loading (this makes 





(ii) Consolidation - for a transient response analysis of partially saturated soil 
under fluid flow (evade non-physical oscillations and convergence 
problems resulting from non-linearity). This incorporates a time-dependent 
analysis using time intervals with continuous fluid flow. 
The choice of an initial time step is critical in these transient, partially saturated flow 
problems because time steps smaller than a certain value give no useful information 
as the size of the spatial element and the time step are inter-related. That the spatial 
and temporal approximations are coupled is obvious at the start of diffusion problems, 
i.e. soon after the prescribed changes in the boundary values, so the criterion is; 
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where 
  is the specific weight of the wetting liquid 
   is the initial porosity of the material 
k is the fully saturated permeability of the material 
ks denotes the permeability-saturation relationship 
  
   
⁄  is the rate of change of saturation with respect to pore water pressure  
   is a typical elemental dimension. 




the critical value. ABAQUS uses a special integration scheme for the wetting liquid 
storage term to avoid this problem for reduced-integration, linear, or modified 
triangular elements. A finer mesh is needed to analyse with smaller time increments 
than the defined critical value. Since the integration procedure is unconditionally 
stable, there are no upper limits on the time step, only variations in accuracy. 
6.6 Development of Finite Element Model  
6.6.1 Geometry of the root model  
The geometry of the root system adopted in this finite element model development is 
shown in Figure 6-3; simplified straight root architecture is used here to represent a 
2D plane tree root system. To reduce the complexities associated with complex root 
geometry, simplified straight main roots starting from the trunk of the tree and 
extending towards the boundary of the root zone is proposed. The branching roots are 
modelled using straight cross roots, as shown in Figure 6-4a. The diameter of a root 
generally decreases along its length, so this variation in diameter has been modelled 
using segments of beam elements with different diameters, as shown in Figure 6.4b. 
The diameter of the cross roots decreases towards the root zone boundary, following 
the trend of the change in diameter of the main root.(6.4b). The diameter of main root 
decrease by 20% when it is moving from one segment ot the other and the cross roots 
fallows the same trend. So defining the initial diameter D will calculate the size of 




The roots are modelled within a triangular root zone with a lateral distance of 20m 
and a vertical distance of 3m; this size was chosen based on an experimental 
investigation carried out by Biddle (1998) and Fatahi (2007). Details of the simulated 















6.6.2 Simulation of tree roots 
A Young’s Modulus of 1.0 GPa defined the wood material of the roots, and the 
corresponding yield stress (  ) based on a von Mises criterion equal  to 15 MPa 
(Dupuy.,et al.,  2007). In this FEM model the root systems were discretised using the 
2-node linear beam elements (B21) available in the element library of ABAQUS. 
Embedded beam elements were utilised in the model, entailing that all the roots were 
considered t slender structures embedded in the soil.  Embedded beam elements are 
generally used to mimic frictional behavior at the root–soil interface, with a 
coefficient of friction of  0.1; while for coefficients of friction ranging from 0.1 to 
0.9, the relative difference between the two approaches is always 21% during the 
entire shear process. (Yang .,et al., 2014) 
A local right handed axis system (t, n1, n2) is used in ABAQUS to define the 
orientation of the cross section of a typical beam-type element shown in Fig 6-5.  
Here t denotes the tangential axis of the element, which is considered as positive from 
the first to the second node of the beam element, and the local perpendicular 












Figure 6-5.  Local axis definition for beam type elements (adapted from ABAQUS 
6.13) 
6.6.3 Simulation of the elasto-plastic behavior of soil 
An appropriate constitutive model is needed to predict the stress-strain behavior of 
engineering structures. In geotechnical engineering, stress-strain analysis is often 
carried out by assuming that the material behaves elastically.  This assumption may 
comply with stiff soil or exceedingly consolidated clay, yet most softer soils 
experience plastic deformation under applied stress, and therefore a suitable elasto-
plastic constitutive model must be used to determine the correct deformation. In the 
development of this finite element model a modified Drucker-Prager model was used 
to simulate the mechanical behavior of soil under the applied train loading. Here, the 
stress-strain analysis depends mainly on the stiffness rather than the strength of soil.  
Fig 6-6 shows the yield surface of the modified Drucker-Prager model where the yield 




yield surface Fs and the small transition yield surface Ft .The conus yield surface of 
the model is a perfectly plastic yield surface that does not account for the hardening of 
this material. 
Apart from the capped yield surface, the Drucker-Prager model delivers two main 
functions: (a) it limits the yield surface in hydrostatic compression, consequently 
offering an inelastic hardening method to characterise plastic compaction; and (b) it 
controls dilation when the material yields in shear (i.e. softens as a function of the 
inelastic volume increments). The stresses lie inside the yield surface when 
corresponding to elastic deformation, while plastic deformation occurs when the 
stresses are on the yield surface. Plastic flow is defined in the Drucker-Prager model 
by a non-associated flow potential Gs of the shear surface, and the associated flow 
potential Gc of the cap, as shown in Fig. 6-7.   
 
Figure 6-6.  Modified Drucker –Prager /Cap model: yield surface in the p-t plane 





The yield surface of the Drucker Prager plasticity model can be defined as, 
                                                                                                                 (     
Where t is the deviatoric stress, d denotes the intersection of the conus yield surface 
with the t-axis or material cohesion,   is the equivalent pressure stress, and β is the 
angle of friction of the material.  
The Mohr-Coulomb parameters ( ’,   ) can be converted to Drucker –Prager 
parameters as follows (Helwani 2007),  
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The deviatoric stress t can then be calculated using the following equation. 
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where   is the von Mises equivalent stress, r is the third stress invariant, and K is a 
parameter of the material  that manage the reliance of the yield surface on the value of 






Figure 6-7 Projection of the modified cap yield surfaces on the   plane. (adapted from 
ABAQUS 6.13) 
K is defined as the ratio between the triaxial tension and compression; when K equals 
to unity the yield surface becomes the von Mises circle in the   plane, which is the 
deviatoric principal stress plane. This is the default behavior available in both 
ABAQUS /standard and ABAQUS/explicit. To obtain a convex shape of the yield 
surface of            .  
The following Equations 6.8 to 6.11) are used to calculate the necessary stress 
parameters.  
In the equivalent pressure stress p, 
             
 
 
     (                                                                                                       (      




             √
 
 
                                                                                                                  (      
The third stress invariant r, 
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The deviatoric stress S, 
                                                                                                                              (      
The cap yield surface is given by,  
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In the Eqn. 6.12, R is a material parameter responsible for controlling the shape of the 
cap, α is a small number (typically 0.01 to 0.05) used for defining a smooth transition 
surface between the Drucker–Prager shear failure surface and the cap (Helwani 2007), 
and    is an evolution parameter that represents the volumetric inelastic strain driven 
hardening/softening. 
The evolution parameter    is calculated in ABAQUS as,  
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Where,    represents the user defined hardening law of the soil  




The transition yield surface is given by,  
   √[    ]  [  (  
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The flow potential surface use in ABAQUS 6.13 in the meridional plane is shown in 
Fig 6-8.  It consists of an elliptical part in the cap region that matches the cap yield 
surface. 
 
Figure 6-8.  Flow potential of the modified cap model in the p-t plane. (Adapted from 
ABAQUS 6.13) 
The potential flow surfaces of the model can be expressed as,  
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In this model an unsymmetrical solver is invoked in the analysis part because the non-
associated flow used on the failure and transition yield surfaces may lead to the 
material stiffness matrix becoming non-symmetric. The Drucker-Prager model is also 
described in detail in the manual of ABQUS 6.13. 
With the soil used in this numerical model, the effective angle of friction (   , 
effective cohesion (    and based on the field and laboratory tests, the elastic modulus 
of the soil are calculated (Chapter 5). The default ABAQUS value of unity is taken as 
the yield surface's shape parameter K, whereas for the shape parameter of the yield 
surface (R) an approximate value was used was used. The permeability coefficient (k) 
of the soil is defined by Brooks and Corey (1964) in conjunction with Kozeny (1927) 
and Carman (1938, 1956) semi-empirical formula as described in Section 6.2.  
Table 6.1 provides the properties and parameters of materials which were used in the 
finite element analysis process. The absorption curve (Fig 6-9) for the soil is derived 
using the SWCC curve obtained from the laboratory tests. 
6.6.4 Incorporation of the root water uptake  
The soil suction in the root zone is governed by the amount of water extracted from 
soil due to suction induced by the tree roots. This means that the time variation of the 
soil suction due to transpiration must be incorporated into the model in order to 
accurately predict the stress-strain behavior of vegetated ground. The mathematical 
model developed by Fatahi (2007) to simulate the uptake of water by tree roots in a 




three individual features which form part of this scenario, namely, the root density, 
the soil matric suction, the potential rate of transpiration. Based on this model, the 
root water uptake rate of the tree can be defined as; 
            (          (    (    (                                                                        (      
where, 
  (   denotes the root density factor,  
 (    is defined as suction factor of the soil 
 (    is defined as the factor of potential transpiration  
Based on the ideas of Feddes et al.  Fatahi (2007) uses the following representation of 
 (  , 
  
 




    : (Soil suction at wilting point) or the limiting value at which specific vegetation is 
incapable of absorbing moisture from the soil 
    : The maximum value that   can take 
𝑓(𝜓                      𝜓 < 𝜓𝑎𝑛                                 
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     : The least value that can be taken by    at        (soil suction at the 
anaerobiosis point) 
       : The maximum root water uptake rate 
Under a distinct transpiration rate, the root length density ( ) is proportional to the 
water uptake rate from any specific unit volume of wet soil. This relationship was 
suggested as a non linear relationship by Eastham et al. (1988). The rate of root water 
uptake reaches a limiting value of the density of tree root as the water uptake reaches 
its highest physiological value. 
Based on the agronomical research, an asymptotic relationship for root water uptake 
can be assumed. Moreover, due to root resistance, potential transpiration is not evenly 
dispersed within the root zone, which implies that a linear distribution with a depth 
for potential transpiration could provide better approximation of actual distribution. 
Therefore the author suggests the following two relationships for the potential 
transpiration factor and the root density factor; 
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   and   : Experimental coefficients which are defined for the root system of the tree 
  : An experimental coefficient 
 : The radical coordinate 
 : The vertical coordinate (Downward direction taken as positive) 
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   :  Potential transpiration rate 
   :  An empirical coefficient adjoining the outcome of depth on the potential 
distribution of the transpiration 
 (  : The root zone volume at time  .  
It should be taken into account that a non- linear asymptotic curve is represented by 
the hyperbolic tangent function in the denominator of the Equation 6.26. By referring 
to Fatahi 2007, further details for Equations 6.25 and 6.26 can be obtained.  
Constraints of root distribution    and    can be obtained by calculating the 
exponential function of best fit used in equation 6.25 based on the field measurements 
of the root density of the active tree. 
Moreover, depending on how the matric suction of the soil is distributed in the root 
region,    can also be determined for different tree types, while the condition of soils 
can be obtained from the graphs outlined by Landsberg (1999). Furthermore, a 
comparative analysis of Equation 6.26 and the Nimah and Hanks (1973) model means 
the potential transpiration parameter (  ) can be determined. Further information on 





Table 6.1.  The soil and fluid parameters used for the FEM model 
Parameter Value Description 
Dry Unit weight of the soil  (  ) 13 kN/m
3
 Determined from laboratory testing 
(chapter 5) 
Initial soil matric suction   (    -1000 kPa User defined initial soil suction value 
Initial degree of Saturation  (    0.9 Estimated incorporating the initial suction 
value and the Absorption curve (Fig 6.8) 
Liquid Limit (LL) 28% Determined from laboratory testing 
(chapter 5) 
                        (    5x10
-7
m/s Calculated using Equations (6.7) and (6.8) 
Ratio between the unit weight and 





/cms Property of water at 20
0
 (Emmanouli et al 
2012) 
The slope of the SWCC on log-
log plot  (   
2 Estimated by plotting the SWCC (Fig 6.8) 
in log-log scale. 
Young’s Modulus of soil    ( ) 10 MPa Determined from laboratory testing 
(chapter 5) 
Initial Void ratio   (    1.03 Using the soil dry density-void ratio 
relationship (   
    







    4.9 kPa Typical value for clay soil (Feddes et al 
1976) 
   40 kPa              
(Feddes et al 1978)  
(Feddes et al 1978)    1500 kPa                  





Table 6.2.  Drucker-Prager model parameters used for the FEM model 
Parameter Value 
  18 kPa 
  1 
  0.01 
  0.2 
  1 
 
The parameters related to the geometry of the root zone and the root density have 
been adopted from the experimental investigation done by (Fatahi et al.2009)) for a 
black box tree. The values use in this analysis are demonstrated from the table 6.3. 
 Table 6.3.  Tree parameters used in this finite element analysis  
Parameter Value 
   3 m 
   1 m 
     25 m
-2
 
   0.0874 m
-1
 
   0.014 
   5 
   0.5 
     20 m 





Figure 6-9.  Absorption Curve derived from the SWCC 
As explained in chapter 3, the potential transpiration is significantly change with the 
seasonal variaitons. The variation of the potential transpiration estimated in chapter 6 
(fig 3-21) based on the climatic data is employed in this model instead of using a 
constant average value. The root water uptake model explained together with the 
inclusion of time variation of potential transpiration was employed in the FEM 










6.6.5 FEM mesh and boundary condition 
Figure 6-9 shows the finite element mesh generated in the model; it consists of 6587 
nodes and 3741 elements. 2772 quadratic triangular elements and 969 line elements 
were used to model the soil and roots, respectively. Six node displacement and pore 
pressure elements (6CPEMP) were used for the soil domain; they are second order 
quadratic elements with three gauss points (Fig 6-10). Triangular elements rather than 
quadrilateral elements are generally used to mesh geometries with sharp corners 
(Heinemann 2013).   Firstly, a number of different meshes having different levels of 
refinement were attempted in order for attaining the suitable mesh needed to analyse 
the problem which satisfies convergence providing an exclusive solution. 
 





Appropriate displacement and pore pressure boundary conditions were used here (Fig 
6-9). On the left hand edge of the FEM mesh, a symmetric condition in displacements 
was applied, the right hand side is constrained in the x- direction and constraints in the 
directions of x and y are utilised on the bottom edge. The variation in hydrostatic 
pressure and the level of the water table are used to estimate the initial linear pore 
pressure distribution along the depth of the soil modelled. A pore pressure boundary is 
applied on the right hand side and the bottom of the soil domain to comply with this 
variation in pore pressure (Fig 6.9). 
The far right and lower region has larger element size compare to the root zone. 
Transitional elements are generated between the rooted and the far regions. Section 
lines are generated in the rooted region at the main and cross root paths which create 
the root-soil interface. These crossing lines form close to the orthogonal grid 
intersection on the left hand side of the rooted region and form almost rectangular 
sections; this enables a regular pattern of mesh to form in this area. The root interface 
lines on the right side of the rooted region form oblique intersections, which then 
show an adverse pattern of grid toward the right end. The size of this section and 
angle of intersection between the lines increases as the mesh moves from central 
region towards the right side. The mesh generation scheme in this region is 







6.6.6 Soil-root interaction 
The root–soil interaction consisted of formulation of the physical links among the 
roots and the soil. Various techniques available for modelling explicit surface to 
surface interaction through parameters implemented with interface elements or 
Lagrange multipliers. Such methods are computationally complex and may result in 
difficulties in convergence (Dupuy et al., 2007). Yet, the hypothesis of a rigid root–
soil interaction has been proved by a multitude of field observations where most tree 
roots existed embedded in the mass of soil after uprooting, implying that most of the 
soil lifted during uprooting was trapped in the network of roots and there was about 
no displacement between the roots and the soil (Dupuy et al., 2007).  Therefore, using 
embedded constrains a node-to-node interaction among roots and the soil was 
implemented (ABAQUS 6.14 theory manual).  
To specify an element or group of elements embedded in "host" elements, the 
embedded element technique is utilised; for example, it is generally used to model 
rebar reinforcement. ABAQUS finds the geometric combinations and connections 
among nodes in the embedded elements and the host elements. The transitional 
degrees of freedom at the node are eliminated in case the node of an embedded 
element is situated within a host element, thus causing the node to convert to an 
“embedded node.” The transitional degrees of freedom of the embedded node are 
restricted to the interpolated values of the equivalent degrees of freedom of the host 
element.  Although embedded elements are free to have rotational degrees of freedom, 




6.7 Results of the numerical analysis 
Figures 6-11 illustrate the prediction of matric suction at different time intervals up to 
the five months, because of the root water uptake caused by tree transpiration. The 
matric suction increases rapidly up to the wilting point around the area where the fine 
root density is defined as the maximum. With time, suction propagates to the 
surrounding soil within the root zone; this increase in suction increases the effective 
stress of soil and leads to time dependent ground deformation. How mechanical tree 
root reinforcement affects the deformation caused by root induced soil suction is 
discussed in the following sections. 
A couple flow deformation analysis was used for predicting the deformation in the 
soil profile due to root water uptake where the main (reinforcing) roots are included to 
constrain the above deformation to predict the resulting deformation in the ground. 
After five months of transpiration, the total ground settlement at various depths 
caused by fine root induced suction and reinforcing roots is shown in Figure 6-13. 
As shown, ground settlements decreased rapidly up to 27 mm, but then slowed down 
as the depth increased. Swelling occurs below 2.5 m, as the effective stresses decrease 
in the deeper layers. This behavior is explained by Schneider et al. (2002) such that 
transpiration moves the ground water table towards the surface of the ground, thus 









    (d) 
Figure 6-11.  Pore pressure (POR) distribution at each node over the model at 
different time of consolidation (a) initial state  (b) After 1 month  (c) After 3 








Figure 6-12.  Distribution of the vertical displacement at each node over the model 
after 5months of consolidation 
 
 




The effect of elapsed time on ground deformation must be analysed due to the fact that 
suction and consolidation being variables dependent on time. These time variations of 
ground deformation are useful when designing structures close to trees. Figure 6-14 
shows the surface deformation at five different time intervals, from 7 days to 5 months. 
Note that settlements increases rapidly with time and reaches its maximum of 35 mm 
after five months of transpiration; maximum settlement after 7 days reached 15 mm.  
 
 
       Figure 6-14.  Effect of elapse time on ground surface settlement 




Figure 6-15.  Effect of elastic modulus on the ground surface settlement after 5months 
 
Figure 6-15 shows how tree roots resist ground deformation during time dependent 
transpiration; this process has been compared to settlements calculated on soil suction 
only, but without including root reinforcement. Ground settlement decreases with the 
elastic modulus of woody material until it reaches a limiting value, after which the 
increase of elastic modulus will not change settlement behavior. This trend is 
acceptable because the increase in effective stresses in the soil due to the given 
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transpiration rate may not be high enough to change the settlement of soil reinforced 
with root beyond this upper limit of elastic modulus. 
 As expected, settlement close to the trunk of stiffer roots is quite low compared to 
settlements calculated using only root induced suction. This is because the root density 
in this area is much higher because this is where most of the main roots in a root system 
originated from. Maximum settlement also decreases close to the reinforcing roots, a 
result that is clear when settlement is compared away from the root zone.  
These upper limits of the modulus are important parameters needed for design based on 
ground settlements close to the vadose zone. These limits can be incorporated into 
design guidelines. For instance, when the modulus of elasticity is beyond the limit, 
prediction can still be done using the limiting values of these settlements. 
 
       Figure 6-16.  Effect of the root diameter on the surface settlement at 5 months 
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The size of the reinforcing roots for a given root geometry and root modulus were also 
examined as a part of this numerical study. Figure 6-16 shows how the diameter of the 
reinforcement changes the ground settlement behavior. Compared to the influence of 
root density and the modulus of elasticity, the root diameter used in this analysis had 
less influence on settlement.   
More results contours obtained from this finite element analysis are shown in Appendix 
C. 
6.8 Comparison of numerical results with field experiments 
Chapter 3 described the field experiment carried out to investigate the time variation of 
soil suction close to a mature gum tree. This variation of potential transpiration caused 
by  seasonal changes were predicted using collected weather data (fig 3-21), and was 
then incorporated with the soil and root parameters used in the initial model developed 
above to numerically predict the pore pressure variations at the field locations close to 
the tree (fig 3-6). As described above, the model assumes that the rainfall and 
evaporation cancel each other during transpiration, whereas the experimental results 
show that the soil suction at every location actually decreased rapidly after a heavy 
rainfall to a low suction value around 750 kPa. Therefore, to compare the field results, 
the initial pore pressure of the soil domain was changed from linear hydrostatic 
variation to a constant value of 750 kPa, and the boundary condition was modified 
accordingly. The Figure below is a contrast between the numerical predictions and the 




Figure 6-17.  Comparison of the suction variation obtained from field experiments with 









Figure 6-18.  Comparison of the suction variation obtained from field experiments with 
model prediction at 4 m away from the tree and 0.5 m depth 
The forecasts made by Numerical analysis based on the model created for root water 
uptake is generally in accordance with the field measurements, however the root water 
uptake was regarded as a sink term within the flow equation and the effects from 
individual roots were not considered. The difference between the predicted values and 
the field measurements in this region are probability due to the fact that woody roots 
are somewhat denser beneath the trunk, rather than close to it, and more importantly, 
the field data may have been influenced by the heterogeneity of the soil.   Osmotic 




The finite element model proposed here will enable practicing engineers to quantify 
ground settlement caused by native vegetation, including unsaturated and saturated soil.  
Once the properties of the soil, the roots, and the climate of a particular location are 
known, the model will deliver the spatial and temporal variations of lateral and vertical 
settlement which must be considered in designs. Drafting software such as AUTOCAD 
can be integrated to finite element model to incorporate complicated root geometries 







7. CONCLUSIONS AND RECOMMENDATIONS 
7.1 General Summary 
The study expands the horizons of our understanding of the applicability of natural 
vegetation for ground improvement.  It accommodates more realistic changes to 
potential transpiration (TP) influenced by the climatic conditions to develop a computer 
model that estimates the subsurface behavior reinforced by tree roots. Laboratory scale 
validation of the derived mathematical model using replicated and simplified root 
structures has shown good agreement with the proposed analytical model, thus 
implying that this particular approach is a step closer to reality. The introduction of the 
root reinforcement component into the existing root suction methodologies and the 
inclusion of varying transpiration conditions in the numerical analysis to replace 
previous unrealistic constant values are the most significant scientific contributions of 
this study. 
These research findings would greatly assist the design of ground improvement using 
native vegetation, especially for challenging environments such as the soft soils or 
expansive clays, which are coincidently where most high speed rail corridors and road 
networks are located in Australia. Properly selected vegetation (native trees and shrubs) 
could control the amount of subsurface moisture through root water uptake while 
 
 184 
increasing the shear strength and stiffness of soil via root reinforcement. In addition, 
the adoption of this technique also assists in controlling more effectively erosion as 
well as providing an efficient sound barrier. Naturally, these methodologies are 
environmentally friendly and as such, the more widespread use of this ground 
improvement method is paving the way for a much greener country. 
7.2 Specific Outcomes 
A series of field experiments were conducted close to a mature gum tree at the 
University of Wollongong by installing ground sensors to investigate the temporal and 
spatial variations soil suction caused by continuous transpiration. The degree of solar 
exposure and rainfall were found to be the climatic parameter that most influences the 
root suction and transpiration processes. Accordingly, these parameters would also 
have a considerable impact on the properties of subsurface soil though variations in the 
moisture content and root reinforcement 
Laboratory experiments were also carried out to measure the physical and mechanical 
parameters of soil. The key experiments included the determination of soil water 
characteristic curve using the pressure plate and filter paper method. Considering the 
soil properties, types of vegetation and the atmospheric conditions, a better insight was 
gained into the interactions between tree roots and soil. 
The holistic approach adopted by this study enabled the development of an improved 
and realistic analytical model (Chapter 3) to calculate the pullout capacity of a tree root 
in unsaturated ground conditions. To formulate a comprehensive model for calculating 
the pullout capacity of an inclined root system, the interaction between these following 
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features were considered. 
a) The soil conditions (soil suction, cohesion, density and friction angle); 
b) Root properties (root distribution, length, diameter, stiffness) and; 
c) The soil root contact properties (adhesion and contact friction angle).  
The proposed algorithm represents the progressive pullout behavior of a simplified root 
system based on the tensile strength and pullout capacity of each root. The model 
predictions showed good agreement with the experimental results, and showed that the 
pullout capacity increases linearly with the diameter and length of the roots, but at 
different rates. This could be due to the surface area involved in shearing around the 
root, which changes with the diameter and length. 
The tree root systems were replicated using ropes for the laboratory experiments to 
validate the proposed root pullout analytical model for unsaturated conditions. A series 
of pullout tests were conducted to investigate influence of the initial matric suction, and 
the root analogue diameter and length on the pullout behavior. The results of these 
experiments are in harmony with the values obtained through the analytical model, 
albeit subjected to the following observations. 
1. The ultimate pullout capacity of the root system was influenced by the initial 
soil matric suction, however, every specimen had a peak followed by a decrease 
in shear stress before attaining a relatively constant value; this behavior was 
more evident in the test with the lowest initial suction (i.e. 100 kPa)  
2. The stress-strain behavior was mainly strain-softening, whereas the post peak 
drop in the pullout force was higher in the test conducted at a higher suction. 
3. The initial as-compacted suction influences the mobilised peak pullout due to an 
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increase in the average shear stress mobilised at the root soil interface, but once 
that value exceeds the pullout resistance, it decreases dramatically. In other 
words, the difference between the peak and ultimates states is greater for larger 
initial matric suction. 
4. The ultimate pullout force is relatively independent of the root analogue 
diameter, unlike the test results obtained at different levels of suction. 
Moreover, the peak values are reached at approximately the same axial 
displacement, thus indicating that the pullout mechanism is relatively 
independent of the diameter of the fibre. 
5. The pullout force increases proportionally as the diameter of the fibre increases, 
but not with the increased length, even up to two fold. 
A finite element model was developed to replicate the ground behavior due to soil 
suction and root reinforcement. An ABAQUS finite element code was used to examine 
the distribution of suction and a profile of the moisture content closer to the trees. The 
derived model has the following characteristics; 
1. The numerical model includes the coupled flow-deformation equations. Finite 
element discretization was formulated using partially saturated elements 
capable of capturing the role of unsaturated permeability and the degree of 
saturation at various levels of matric suction.  
2. The root architecture incorporates the branching effect and variations of the 
diameter. Here the root stiffness reduced the vertical and lateral settlements of 
ground, but it does have a limiting value for a given root system in a given soil 
condition, after which there was no further settlement.  
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3. A FORTRAN subroutine was written to combine the potential transpiration 
changes with the root water uptake model.  
The computational results of the finite element model were on par with the suction 
measurements obtained during the field experiments. 
7.3 Recommendations for Future Work 
The author would like to recommend the following actions for future studies, in order 
to improve the accuracy of the mathematical models and further enhance our 
knowledge in this discipline. 
1. A simplified root architecture for a particular type of tree was considered to 
explore the effect that root reinforcement has on the behavior of ground 
deformation, but further studies are needed to understand how to extend the 
proposed model for complex or asymmetric root architectures which are 
different to what has been considered. Expanding the 2-D model to 
accommodate information in 3-D would certainly assist this study. 
2. Ground settlement due to variations in the moisture content was not 
experimentally investigated in this study, so an “instrument site” could be used 
to monitor the time dependent vertical and lateral settlement within the vadose 
zone, and thus enhance the accuracy of this model. 
3. The embedded constraint that simulate the soil root interaction in the numerical 
model can be enhanced by using the subroutines to accommodate the shear 
behavior of the soil root interface. In addition, other aspects such as possible 
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compression, and the breaking of roots under differential stress conditions or 
cyclic loads can be better examined. 
4. The change in suction due to the combined effect of two trees was examined 
during this field study. It was observed that suction decreased significantly after 
rainfall events, but the combined effect that transpiration processes have on 
suction is much higher for a single tree. Hence, the effect of multiple trees and 
the associated spacing to achieve an optimal suction fields is worthy of further 
study. 
5. In this study no consideration was given to the role of osmotic suction. As the 
tree also has nutrient uptake, presumably the osmotic suction in the soil close to 
the tree would likely vary over time. Further research towards the influence of 
osmotic suction on the pullout behavior and ground deformation characteristics 
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CODES FOR ANALYTICAL MODEL 




!   Calculates value of P for different values of delta, 
!    given the values of 11 parameters  D, L, ..., c_a 
!       th_z is not taken as input, but calculated  
!       from th_s, along with a_z, m_z and n_z -- 




real              :: P, delta, th_incr 
real, allocatable :: theta(:), delta_c(:) 
real              :: D, L, E, phi, gamma, delta_d, k_z 
real              :: th_z, th_r, th_s, c_a, delta_start, delta_finish, 
delta_incr 
real              :: a_z, m_z, n_z 
 
integer           :: i,k, n                   !  temporary indices,  
no. of theta 
real              :: a, g_value, new_theta     !  temporary variables 
 
real, parameter   :: pi = 3.1415926535898, ee = 2.71828182846 
 





read(6,*) theta(1), theta(n) 
 
th_incr = (theta(n)-theta(1))/(n-1) 
do i = 2, n 
  theta(i) = theta(1) + (i-1)*th_incr 
end do 
 
read(6,*) D, L, E, phi 
read(6,*) gamma, delta_d, k_z 
read(6,*) th_r, th_s, c_a, a_z, m_z, n_z 
 
th_z = th_s / LOG(  ( ee + (phi/a_z)**n_z )**m_z  ) 
a = 2*(c_a + phi*TAND(delta_d)*(th_z-th_r)/(th_s-th_r)) 
 
read(6,*) delta_start, delta_finish, delta_incr 
close(6)  
 
open(7, file = 'theta-delta-bz.csv') 
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do i = 1, n 
  if (COSD(theta(i)) .NE. 0) then 
    delta_c(i) = (2*L*L/(D*E*COSD(theta(i))))*(a + 
gamma*L*f(theta(i))) 
  else 
    write(*,'(a,i2,a,i2,a//)') '  theta(', i,  & 
                  ') = 0 !  ...making delta(',i,') = 100 !!' 
    delta_c(i) = 100 
  end if                   !  check and prevent division by 0 
end do 
 
write(7,'(f5.1, ", ",f12.4)') (theta(i), delta_c(i), i = 1, n) 
close(7) 
 
open(8, file = 'P-delta-bz.csv') 
write(8,*)' delta, P' 
do delta = delta_start, delta_finish, delta_incr 
  k = 0 
  do i = 1, n 
    if (delta > delta_c(i)) then 
      k = i 
    else 
      exit 
    end if 
  end do         !   find lowest  k  such that   delta > delta_c(k) 
   
  P = 0 
  do i = 1, k 
    new_theta = ATAND(delta_c(i)*TAND(theta(i))/delta) 
    g_value = g(new_theta, delta_c(i), delta) 
    P = P + pi*D*g_value*(a + gamma*g_value)*COSD(new_theta) 
  end do 
  do i = k+1, n 
    P = P + pi*D*D*E*COSD(theta(i))*COSD(theta(i))*delta/(2*L) 
  end do 







! ****  Function f(..)   **** ! 
 
real function f(t) 
real :: t 
f = COSD(t)*TAND(delta_d)*(0.5*SIND(t)*SIND(t) + k_z*COSD(t)) 
end function f 
 
 
! ****  Function g(.., .., ..)   **** ! 
 
real function g(t, dc, d) 
real :: t, dc, d 
g = L + ((dc - d)/1000.0)*COSD(t) 
end function g 
 





A.1.1  Input Data 
The following gives a sample input for the file P-delta-cz.inp 
 
 
6                        n = no. of theta's 
10.0, 60.0               theta(1), theta(n) 
 
0.004, 0.2, 1000, 1000             D, L, E, phi 
14, 15, 0.33                       gamma, delta_d, k_z 
0.1, 0.4, 25, 1500, 1.074, 1.2     th_r, th_s, c_a, a_z, m_z, n_z 
 
0.0, 200.0, 0.5          delta_start, delta_finish, delta_incr 
 
 
A.1.2  Sample Output 
The following gives a sample output of the file P-delta-bz.csv together with its 
visualisation in MS Excel 
 
   
Figure A-1. Output of P-delta (a) in Excel worksheet, and (b) as a graph 
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!   Calculates value of P for different values of delta, 
!    given the  9 old parameters  E, phi, ..., c_a 
!       plus two new parameters   L_1  and  k_1, 
!       from which to calculate  D and L  afresh 
!    
!  Also th_z is not taken as input, but calculated  
!       from th_s, along with a_z, m_z and n_z -- 




real              :: P, delta, th_incr 
real, allocatable :: theta(:), delta_c(:) 
real              :: D, L, E, phi, gamma, delta_d, k_z, L1, k1     
!  L1, k1 used to evaluate D & L, ... D, L being functions of theta 
 
real              :: th_z, th_r, th_s, c_a, delta_start, delta_finish, 
delta_incr 
real              :: a_z, m_z, n_z 
 
integer           :: i,k, n     !  temporary indices,  no. of theta 
real              :: a, g_value, new_theta   !  temporary variables 
 
real, parameter   :: pi = 3.1415926535898, ee = 2.71828182846 
 





read(6,*) theta(1), theta(n) 
 
th_incr = (theta(n)-theta(1))/(n-1) 
do i = 2, n 
  theta(i) = theta(1) + (i-1)*th_incr 
end do 
 
read(6,*) L1, K1, E, phi 
read(6,*) gamma, delta_d, k_z 
read(6,*) th_r, th_s, c_a, a_z, m_z, n_z 
 
th_z = th_s / LOG(  ( ee + (phi/a_z)**n_z )**m_z  ) 
a = 2*(c_a + phi*TAND(delta_d)*(th_z-th_r)/(th_s-th_r)) 
 
read(6,*) delta_start, delta_finish, delta_incr 
close(6)  
 
open(7, file = 'theta-delta-cz.csv') 
do i = 1, n 
  D = k1*L1*L1/(1 + SIND(2*theta(i))) 
  L = L1/(SIND(theta(i)) + COSD(theta(i))) 
  if (COSD(theta(i)) .NE. 0) then 




  else 
    write(*,'(a,i2,a,i2,a//)') '  theta(', i, & 
                       ') = 0 ! ...making delta(',i,') = 100 !!' 
    delta_c(i) = 100 
  end if                      !  check and prevent division by 0 
end do 
 
write(7,'(f5.1, ", ",f12.4)') (theta(i), delta_c(i), i = 1, n) 
close(7) 
 
open(8, file = 'P-delta-cz.csv') 
write(8,*)' delta, P' 
do delta = delta_start, delta_finish, delta_incr 
  k = 0 
  do i = 1, n 
    if (delta > delta_c(i)) then 
      k = i 
    else 
      exit 
    end if 
  end do         !   find lowest  k  such that   delta > delta_c(k) 
   
  P = 0 
  do i = 1, k 
    new_theta = ATAND(delta_c(i)*TAND(theta(i))/delta) 
    g_value = g(new_theta, delta_c(i), delta) 
    P = P + pi*D*g_value*(a + gamma*g_value)*COSD(new_theta) 
  end do 
  do i = k+1, n 
    P = P + pi*D*D*E*COSD(theta(i))*COSD(theta(i))*delta/(2*L) 
  end do 
 








! ****  Function f(..)   **** ! 
 
real function f(t) 
real :: t 
f = COSD(t)*TAND(delta_d)*(0.5*SIND(t)*SIND(t) + k_z*COSD(t)) 
end function f 
 
 
! ****  Function g(.., .., ..)   **** ! 
 
real function g(t, dc, d) 
real :: t, dc, d 
 
g = L + ((dc - d)/1000.0)*COSD(t) 
end function g 




A.2.1  Input Data 
The following gives a sample input for the file P-delta-cz.inp 
 
 
6                        n = no. of theta's 
10.0, 60.0               theta(1), theta(n) 
 
0.3, 0.2, 1000, 1000                  L1, k1, E, phi 
14, 15, 0.33                          gamma, delta_d, k_z 
0.1, 0.4, 25, 1500, 1.074, 1.2        th_r, th_s, c_a, a_z, m_z, n_z 
 
0.0, 200.0, 0.5          delta_start, delta_finish, delta_incr 
 
 
A.2.2  Sample Output 
The following gives a sample output of the file P-delta-cz.csv together with its 
visualisation in MS Excel 
 
 
       
Figure A-2. Output of P-delta (a) in Excel worksheet, and (b) as a graph 
 














A.3  Code for calculating the maximum of P over a range of delta (Pmax) 
program P_delta_max 
 
!   Calculates the maximum value of P, and  




real              :: P, delta, th_incr, Pmax=0,dmax=0 
real, allocatable :: theta(:), delta_c(:) 
real              :: D, L, E, phi, gamma, delta_d, k_z 
real              :: th_z, th_r, th_s, c_a, delta_start, delta_finish, 
delta_incr 
 
integer           :: i,k, n 
real              :: a, g_value, new_theta     !  temporary variables 
 
real, parameter   :: pi = 3.1415926535898 
 
open(9, file='Pmax.csv', action='write', access = 'append') 
 
open(6, file='P-delta.inp', action='read') 
read(6,*) n 
                                 allocate(theta(n), delta_c(n)) 
read(6,*) theta(1), theta(n) 
th_incr = (theta(n)-theta(1))/(n-1) 
do i = 2, n 
  theta(i) = theta(1) + (i-1)*th_incr 
end do 
 
read(6,*) D, L, E, phi 
read(6,*) gamma, delta_d, k_z 
read(6,*) th_z, th_r, th_s, c_a 
 
a = 2*(c_a + phi*TAND(delta_d)*(th_z-th_r)/(th_s-th_r)) 
 
read(6,*) delta_start, delta_finish, delta_incr 
close(6)  
 
open(7, file = 'theta-delta.csv') 
do i = 1, n 
  if (COSD(theta(i)) .NE. 0) then 
    delta_c(i) = (2*L*L/(D*E*COSD(theta(i))))*(a + 
gamma*L*f(theta(i))) 
  else 
    write(*,'(a,i2,a,i2,a//)') '  theta(',i,') = 0 ! ...making 
delta(',i,') = 100 !!' 
    delta_c(i) = 100 
  end if 
end do 
 




open(8, file = 'P-delta.csv') 
write(8,*)' delta, P' 
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do delta = delta_start, delta_finish, delta_incr 
  k = 0 
  do i = 1, n 
    if (delta > delta_c(i)) then 
      k = i 
    else 
      exit 
    end if 
  end do 
   
  P = 0 
  do i = 1, k 
    new_theta = ATAND(delta_c(i)*TAND(theta(i))/delta)      !!  new 
theta(i) in 3 places 
    g_value = g(new_theta, delta_c(i), delta)                 !!  the 
first two theta(i)'s --> new_theta's 
    P = P + pi*D*g_value*(a + gamma*g_value)*COSD(new_theta)  !!  the 
last theta(i) --> new_theta 
  end do 
  do i = k+1, n 
    P = P + pi*D*D*E*COSD(theta(i))*COSD(theta(i))*delta/(2*L) 
  end do 
  if (P > Pmax) then 
    Pmax = P 
    dmax = delta 
  end if 
 





write(9,'(12(f9.3,", "),g12.7)') D, L, E, phi, gamma, delta_d, k_z, 
th_z,  & 
                                 th_r, th_s, c_a, dmax, Pmax 
 
close(9) 





real function f(t) 
real :: t 
 
f = COSD(t)*TAND(delta_d)*(0.5*SIND(t)*SIND(t) + k_z*COSD(t)) 
 
end function f 
 
real function g(t, dc, d) 
real :: t, dc, d 
 
g = L + (dc - d)/(1000.0*COSD(t)) 
 
end function g 
 





A.3.1  Input Data for P-max 
The following gives a sample input for the file P-delta_P-max.inp 
 
 
6                        n = no. of theta's 
10.0, 60.0               theta(1), theta(n) 
 
0.004, 0.2, 1000, 1000   D, L, E, phi 
14, 15, 0.33             gamma, delta_d, k_z 
0.3, 0.1, 0.4, 25        th_z, th_r, th_s, c_a 
 
0.0, 200.0, 0.5          delta_start, delta_finish, delta_incr 
 
 
A.3.2  Sample Output for P-max 








A.4  Code for calculating maximum of P for a range of two parameters 






real      :: p(11)  !  if parameter constant, then store current value 
integer   :: v1, v2 !  indices of the 2 parameters that are  varied 
real      :: v(11,3)!  if parameter varies (v1, v2), then store the... 
                    !              initial, maximum & incremental 
values 
real      :: dmax, Pmax 
character(len=10) :: vnam(11)  !  name of the 11 parameters for header 
 
integer   :: i         !  temporary indices 
real      :: x, y      !  temporary variables 
 
open(9, file='Pmax.csv', action='write')   !  Output file to write 
Pmax table 
open(5, file='V-par.inp', action='read')   !  Input file to read 
variable par values 
 
read(5,*) v1, v2 
do i = 1, 11 
  if (i.NE.v1 .and. i.NE.v2) then 
    read(5,*) p(i)     !  read single value for fixed parameters 
  else 
    read(5,*) v(i,1:3) !  read init/max/incr for variable parameters 





vnam = (/'D','L', 'E', 'phi', 'gamma', 'delta_d', 'k_z', 'th_z', & 
         'th_r', 'th_s', 'c_a'/) 
write(9,'(4a)')vnam(v1),', ',vnam(v2), ', delta, Pmax' 
 
do x = v(v1,1), v(v1,2), v(v1,3) 
  p(v1) = x 
  do y = v(v2,1), v(v2,2), v(v2,3) 
    p(v2) = y 
 
    call P_max(p(:), dmax, Pmax) !  MAIN CALL to the Pmax SUBROUTINE 
 
    write(9,'(3(f12.5,", "),f12.5)') p(v1), p(v2), dmax, Pmax 
    write(*,'(2f12.5,2(a,f12.5))')x,y,'P_max = ',Pmax,' delta = ',dmax 




end program P_max_3D 
 
 






real              :: value(11), f, g 
real              :: P, delta, th_incr, Pmax ,dmax 
real, allocatable :: theta(:), delta_c(:) 
real              :: D, L, E, phi, gamma, delta_d, k_z 
real              :: th_z, th_r, th_s, c_a, delta_start, delta_finish, 
delta_incr 
 
integer           :: i,k, n 
real              :: a, g_value, new_theta     !  temporary variables 
 
real, parameter   :: pi = 3.1415926535898 
 
D       = value( 1) 
L       = value( 2) 
E       = value( 3) 
phi     = value( 4) 
gamma   = value( 5) 
delta_d = value( 6) 
k_z     = value( 7) 
th_z    = value( 8) 
th_r    = value( 9) 
th_s    = value(10) 
c_a     = value(11) 
 
Pmax = 0 
dmax = 0 
 





read(6,*) theta(1), theta(n) 
th_incr = (theta(n)-theta(1))/(n-1) 
do i = 2, n 
  theta(i) = theta(1) + (i-1)*th_incr 
end do 
 
a = 2*(c_a + phi*TAND(delta_d)*(th_z-th_r)/(th_s-th_r)) 
 
read(6,*) delta_start, delta_finish, delta_incr 
close(6)  
 
do i = 1, n 
  if (D*E*COSD(theta(i)) .NE. 0) then 
    delta_c(i) = (2*L*L/(D*E*COSD(theta(i))))*(a + gamma*L*f(theta(i), 
delta_d, k_z)) 
  else 
    write(*,'(a,i2,a,i2,a//)') '  theta(',i,') = 0 ! ...making 
delta(',i,') = 1000 !!' 
    delta_c(i) = 1000 
  end if 
end do 
 
open(8, file = 'P-delta.csv') 
write(8,*)' delta, P' 
do delta = delta_start, delta_finish, delta_incr 
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  k = 0 
  do i = 1, n 
    if (delta > delta_c(i)) then 
      k = i 
    else 
      exit 
    end if 
  end do 
   
  P = 0 
  do i = 1, k 
    new_theta = ATAND(delta_c(i)*TAND(theta(i))/delta)      !!  new 
theta(i) in 3 places 
    g_value = g(L, new_theta, delta_c(i), delta)                 !!  
the first two theta(i)'s --> new_theta's 
!    P = P + pi*D*g_value*(2*b + gamma*g_value)*f(theta(i), delta_d, 
k_z)*COSD(new_theta)  !!  the last theta(i) --> new_theta 
    P = P + pi*D*g_value*(a + gamma*g_value)*COSD(new_theta)  !!  the 
last theta(i) --> new_theta 
  end do 
  do i = k+1, n 
    P = P + pi*D*D*E*COSD(theta(i))*COSD(theta(i))*delta/(2*L) 
  end do 
  if (P > Pmax) then 
    Pmax = P 
    dmax = delta 
  end if 
 







end subroutine P_max 
 
 
! *****  Function f(.., .., ..)   ***** !  
 
real function f(t, delta_d, k_z) 
real :: t, delta_d, k_z 
 
f = COSD(t)*TAND(delta_d)*(0.5*SIND(t)*SIND(t) + k_z*COSD(t)) 
 
end function f 
 
 
! *****  Function g(.., .., .., ..)   ***** !  
 
real function g(L, t, dc, d) 
real :: L, t, dc, d 
 
g = L + (dc - d)/(1000.0*COSD(t)) 
 




A.4.1  Input Data for 3D P-max 
The following gives a sample input for the file P-delta.inp 
 
 
6                        n = no. of theta's 
10.0, 60.0               theta(1), theta(n) 
 




The following gives a sample input for the file V-par.inp,  where the first two 




0.002, 0.00501, 0.0005    D 
0.1,   0.2501,   0.05     L 
1000     E 
1000     phi 
14       gamma 
15       delta_d 
0.33     k_z 
0.3      th_z 
0.1      th_r 
0.4      th_s 
25       c_a 
  
 
A.4.2  Sample Output for 3D P-max 





























Figure A-5. The data generated for variation of Pmax with 2 different parameters (L & 





CODE FOR ABAQUS MODELLING 
B.1  Fortran subroutine to integrate with ABAQUS 
      SUBROUTINE DFLOW(FLOW,U,KSTEP,KINC,TIME,NOEL,NPT,COORDS, 
     1 JLTYP,SNAME) 
C 
      INCLUDE 'ABA_PARAM.INC' 
C 
      DIMENSION TIME(2),COORDS(3),AFunr1(200,200),AFunz1(200), 
     1 ZIN(200),RIN(200) 
C      Monthly rainfall stored in array RAIN 
 REAL RAIN(12), X 
      CHARACTER*80 SNAME 
      SID=-40000.0 
      SIAN=-4900.0 
      SIW=-1500000.0 
      AK11=5 
      AK22=0.5 
      AK3=0.0874 
      AK4=0.014 
      BMAX1=25.0 
      rmax1=20.0 
      zmax1=3.5 
      RMIN=0.0 
      ZMIN=0.5 
C      Rainfall values for January to December 
 RAIN( 1) = 103 
 RAIN( 2) = 125 
 RAIN( 3) = 80 
 RAIN( 4) = 57 
 RAIN( 5) = 48 
 RAIN( 6) = 22 
 RAIN( 7) = 25 
 RAIN( 8) = 31 
 RAIN( 9) = 60 
 RAIN(10) = 82 
 RAIN(11) = 100 
 RAIN(12) = 107 
C 
C        Smooth variation of Rain across months 
C 
      IF (TIME(2).GE.0 .AND. TIME(2).LT.2592000) THEN  
        X = (TIME(2) -  0*2592000)/2592000 
        TP1 = RAIN(12)*(1-X) + RAIN( 1)*(X) 
      ELSE IF (TIME(2).LT. 2*2592000)) THEN 
        X = (TIME(2) -  1*2592000)/2592000 
        TP1 = RAIN( 1)*(1-X) + RAIN( 2)*(X) 
      ELSE IF (TIME(2).LT. 3*2592000)) THEN 
        X = (TIME(2) -  2*2592000)/2592000 
        TP1 = RAIN( 2)*(1-X) + RAIN( 3)*(X) 
      ELSE IF (TIME(2).LT. 4*2592000)) THEN 
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        X = (TIME(2) -  3*2592000)/2592000 
        TP1 = RAIN( 3)*(1-X) + RAIN( 4)*(X) 
      ELSE IF (TIME(2).LT. 5*2592000)) THEN 
        X = (TIME(2) -  4*2592000)/2592000 
        TP1 = RAIN( 4)*(1-X) + RAIN( 5)*(X) 
      ELSE IF (TIME(2).LT. 6*2592000)) THEN 
        X = (TIME(2) -  5*2592000)/2592000 
        TP1 = RAIN( 5)*(1-X) + RAIN( 6)*(X) 
      ELSE IF (TIME(2).LT. 7*2592000)) THEN 
        X = (TIME(2) -  6*2592000)/2592000 
        TP1 = RAIN( 6)*(1-X) + RAIN( 7)*(X) 
      ELSE IF (TIME(2).LT. 8*2592000)) THEN 
        X = (TIME(2) -  7*2592000)/2592000 
        TP1 = RAIN( 7)*(1-X) + RAIN( 8)*(X) 
      ELSE IF (TIME(2).LT.9*2592000)) THEN 
        X = (TIME(2) -  8*2592000)/2592000 
        TP1 = RAIN( 8)*(1-X) + RAIN( 9)*(X) 
      ELSE IF (TIME(2).LT.10*2592000)) THEN 
        X = (TIME(2) -  9*2592000)/2592000 
        TP1 = RAIN( 9)*(1-X) + RAIN(10)*(X) 
      ELSE IF (TIME(2).LT.11*2592000)) THEN 
        X = (TIME(2) - 10*2592000)/2592000 
        TP1 = RAIN(10)*(1-X) + RAIN(11)*(X) 
      ELSE IF (TIME(2).LT.12*2592000)) THEN 
        X = (TIME(2) - 11*2592000)/2592000 
        TP1 = RAIN(11)*(1-X) + RAIN(12)*(X) 
      ELSE  
        TP1 = 0 
      END IF 
      Tt=0 
      ZMAX=zmax1 
      RMAX=rmax1 
      AK1=AK11 
      AK2=AK22 
      BMAX=BMAX1 
      TP=TP1 
      Z0=1.0 
      R0=3.0 
C        ************************************* 
C          INTEGRAL CALCULATION 
C               AINTEGRAL1 
C       ************************************* 
C          % *********  Calculations for Double integral  ********** 
      I=1 
      J=1 
      K=1 
      L=1 
      m=1 
      n=1 
      A=0.0 
      B=0.0 
      z1=0.0 
      RF=0.010 
      DO K=1,101 
        ZIN(K)=ZMIN+(REAL(K)-1.)*RF*(ZMAX-ZMIN) 
      END DO 
C          
      DO I=1,101 
        J=1 
        K=1 
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        L=1 
        m=1 
        n=1 
        A=0.0 
        B=0.0 
        z1=0.0 
        Del=0.0 
        RF=0.010 
        RTR=RMAX-RMAX*ZIN(I)/ZMAX 
        DO L=1,101 
          RIN(L)=RMIN+RF*(RTR-RMIN)*(REAL(L)-1.) 
        END DO 
        DO J=1,101 
          AFunr1(I,J)=TANH(AK3*BMAX*EXP(-AK1*ABS(ZIN(I)-Z0)- 
     1                                   AK2*ABS(RIN(J)-R0))) 
        END DO 
        DO 10 m=1,100 
          z1=(AFunr1(I,m)+AFunr1(I,m+1))*0.50 
          Del=RF*(RTR-RMIN)*z1 
          A=A+Del 
        END DO 
        AFunz1(I)=A 
      END DO 
      DO n=1,100 
        B=B+0.5*(AFunz1(n)+AFunz1(n+1))*RF*(ZMAX-ZMIN) 
 END DO 
      AINT1=B 
      I=1 
      J=1 
      K=1 
      L=1 
      M=1 
      N=1 
      A21=0.0 
      B21=0.0 
      DO I=1,101 
        J=1 
        K=1 
        L=1 
        M=1 
        N=1 
        A21=0.0 
        B21=0.0 
        RTR=RMAX-RMAX*ZIN(I)/ZMAX 
        DO L=1,101 
          RIN(L)=RMIN+RF*RTR*(REAL(L)-1.) 
        END DO 
        DO J=1,101 
          AFunr1(I,J)=(1.0/AINT1)*(1.0+AK4*ZMAX-AK4*ZIN(I))* 
     1                 TANH(AK3*BMAX*EXP(-AK1*ABS(ZIN(I)-Z0)- 
     2                                    AK2*ABS(RIN(J)-R0))) 
        END DO 
        DO M=1,100 
          A21=A21+0.5*(AFunr1(I,M)+AFunr1(I,(M+1)))*(RIN(M+1)-RIN(M)) 
        END DO 
        AFunz1(I)=A21 
      END DO 
      DO N=1,100 
        B21=B21+(AFunz1(N)+AFunz1(N+1))*(ZIN(N+1)-ZIN(N))*0.50 
      END DO 
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      AINT2 =B21  
C 
C     ************************************************************* 
C                               MAIN BODY 
C     ************************************************************* 
      TP1=TP/(86400*1000) 
C     ************************ 
C     F (Si) CALCULATIONS 
C     ************************ 
      IF (U .GT. SIAN) THEN 
        FSI=0 
      END IF 
      IF ((U .GT. SID) .AND. (U .LE. SIAN)) THEN 
        FSI=1 
      END IF 
      IF ((U .GT. SIW) .AND. (U .LE. SID)) THEN 
        FSI=(U-SIW)/(SID-SIW) 
      END IF 
      IF (U .LE. SIW) THEN 
        FSI=0 
      END IF 
C     ************************* 
C     G (Beta) CALCULATIONS 
C     ************************* 
      IF (COORDS(1) .GE. 0) THEN 
        BETA=BMAX*EXP(-AK1*ABS(COORDS(2)-5+Z0)-AK2*ABS(COORDS(1)-0-
R0)) 
      ENDIF 
      IF (COORDS(1) .LT. 0) THEN 
        BETA=BMAX*EXP(-AK1*ABS(COORDS(2)-5+Z0)-AK2*ABS(COORDS(1)-
0+R0)) 
      ENDIF 
      GBETA=TANH(AK3*BETA)/AINT1 
C     *************************** 
C     F (Tp) CALCULATIONS 
C     *************************** 
      FTP=TP1*(1+AK4*zmax-AK4*(5-COORDS(2)))/AINT2 
      IF ((COORDS(2).GE.(4.5-((ZMAX-0.5)*(RMAX-COORDS(1))/RMAX))).AND.  
     1    (COORDS(2).LE.(4.5)))  THEN 
        FLOW=(GBETA*FTP*FSI)*0.10 
      END IF 
      IF ((COORDS(2).LT.(4.5-((ZMAX-.5)*(RMAX-COORDS(1))/RMAX))).OR. 
     1    (COORDS(2).GT.(4.5)))   THEN 
        FLOW=0.0 
      END IF                  





RESULTS CONTOURS OF FINITE ELEMENT 
ANALYSIS 
 
Figure C-2.  Distribution of the void ratio after 5 months of transpiration 
Figure C-1.  Distribution of the horizontal stress after 5 months of transpiration (Pa) 












Figure C-5.  Distribution of misses stress in roots after 5montnhs of transpiration 
(Pa) 
Figure C-3.  Distribution of the vertical stress after 5 months of transpiration (Pa) 




Figure C-6.  Distribution of the vertical strain after 5 months of transpiration 
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                                  APPENDIX D 
METEOROLOGICAL DATA USED  





























January 44.1 9.6 26.85 22.6 7 68 
February 41.7 10.3 26 19.4 7 69 
March 40.2 9.1 24.65 16.7 7.2 66 
April 35.4 5.1 20.25 13.4 7.7 63 
May 28.5 3.1 15.8 10.1 8.7 62 
June 24.7 2 13.35 8.3 11.2 59 
July 25.7 0.8 13.25 9.6 10.9 54 
August 30.3 2 16.15 13.1 10.9 52 
September 34.2 3.3 18.75 16.8 11.3 55 
October 38.8 4.7 21.75 19.7 10.5 61 
November 40.6 5.4 23 20.6 8.9 64 
December 41.5 8.3 24.9 22.7 8.1 64 
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